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INTRODUCTION:
Genes devoted to oligosaccharide biosynthesis comprise approximately 1% of the

translated genome in vertebrates, on the same order as genes encoding protein kinases,
suggesting functional complexity and a fundamental role in metazoan biology 1. Cancer-
associated changes in glycoprotein glycosylation are well-documented 2, but the
molecular functions of these carbohydrates in normal tissues and disease progression are
poorly understood. Golgi UDP-N-acetylglucosamine:c-6-D-mannoside 11,6 N-
acetylglucosaminyltransferase V (GIcNAc-TV) is highly expressed in proliferating and
migrating cells, and the Mgat5 gene is transcribed in response to activation of the RAS
pathway. The enzyme initiates 11-6GlcNAc-branching of asparagine-linked
oligosaccharides (N-glycans), which are generally extended with polylactosamine in
cancer cells (Fig 1A). Mgat5 activity increases with malignant transformation is
associated with poor survival in colon cancer 3'4. Over-expression of Mgat5 in epithelial
cells causes morphologically transformed, indicating a cell autonomous effect on the
malignant phenotype

To study Magt5 further, we generated Mgat5-deficient mice, and although
apparently normal at birth, the mice display a complex phenotype that might be described
as abnormal responses to extrinsic stimuli or stresses 6{ 3929}. The mutation causes T cell
hypersensitivity, impaired leukocyte motility, reduced cancer progression, a behavioral
defect of failure to nurture, premature aging with osteoporosis, decreased fat mass,
intestinal prolapse and increased mortality at 12-18 mon.

We demonstrated that T cell receptor (TCR) mobilization and clustering in
response to agonist is greatly enhanced in Mgat5"/ cells and this results in enhanced
signaling, notably TCR-dependent tyrosine phosphorylation, actin microfilament
reorganization, and Ca"• mobilization 6 (Fig IB). The ,3,Py,8 chains of TCR are N-
glycosylated and a fraction these N-glycans are Mgat5 modified. We demonstrated that
Mgat5-modified N-glycans on the TCR complex bind to galectin-3 (Gal-3), which
impedes receptor clustering in response to antigen 6. Mgat5 glycans display greater
affinity for Gal-3 than less branched N-glycans, which appears to that inhibits TCR
recruitment into the immune synapse (Fig 1B,C). Based on these studies, our working
hypothesis is that Mgat5-modified N-glycans on multiple receptors bind galectins, which
may regulate cell motility, tumor growth and metastasis.

There are 10 mammalian galectins, a family of P-galactoside-binding lectins
containing either one or two carbohydrate-recognition domains (CDR), a 12 1-stranded
fold 7. Gal-3 monomers equilibrate with higher order oligomers bound to glycoproteins at
the cell surface and extracellular matrix. Gal-3 cross-links cell surface glycoproteins
forming a dynamic multivalent lattice, which impedes agonist-dependent TCR clustering.
Gal-3 has an extended binding site that accommodates polylactosamine, a sequence
preferentially added to Mgat5-modified N-glycans. Complex-type N-glycan can extend at
least 30A from the protein surface 8, and Gal-3 homodimers with the carbohydrate-
recognition domains (CDR) spaced by -50A can bridge glycoproteins by >120 A 9 (Fig
1B). The monomeric affinity of galectins for lactosamine and lactose are very low at
-10-3 M 10, but comparable to the affinity of peptide-MHC-induced oligermerization of
TCR measured in solution 11, and therefore compatible with exchange between TCR
clustering and TCR-galectin binding. At the contact site with MiHC-peptides of sufficient
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affinity for T cell activation, TCR is removed from a galectin-glycoprotein multivalent
lattice and reorganize into macromolecular immune synapse.

The extracellular domains of most cytokine receptors are N-glycosylated, and
variation in glycan structures may impart a range of affinities for galectins. EGFR is a
transmembrane 70 KDa protein core with 10-11 N-glycan chains for a mature size of
170KDa. NMR and mass spectrometry analysis of EGFR from A431 cells revealed 55
different structures including the 01,6GlcNAc-branched N-glycans extended with
polylactosamine 12. Multiple N-glycans should increase the binding avidity of EGFR in
the galectin-glycoprotein lattice, ligand binding and receptor dimerization occurs with
affinities (>10-9 M), greatly exceeding that of the galectin-glycan interaction (10-3-10-4
M). Therefore, it is unlikely that ligand-dependent trafficking of cytokine receptors is
impeded by galectins. However, galectin binding to Mgat5 glycans on cytokine receptors
and integrins may block spontaneous receptor clustering, while enhancing retention of
non-ligand bound receptors at the cell surface, particularly in cells with high endocytic
activity. In this regard, Mgat5 is expressed in cell layers known to be active in endocytic
and secretory activity 13

BODY:

Our studies are the first to demonstrate that N-glycans, through their interactions
with galectins, can regulate ligand-dependent receptor signaling 6. Our recent progress in
the second year of this grant has greatly refined the working model for Mgat5 functions
(Fig 1)

Task 1 was to define the phenotype of Mgat5"* mice, tumor progression and
tumor cells phenotypes. We have used the Cellomics Scan Array automated fluorescence
microscope to measure and quantify motility as well as Erk and Smad-2 activation. The
instrument is designed for high through put analysis in 96 well plates and has been
extremely useful completing task 1.
To determine whether Mgat5 could regulate cytokine receptors, we measured EGF and
TGF-1 dependent Erk-2 and Smad-2 phosphorylation by Western-blotting and nuclear
translocalization by Scan Array immunoflourecence microscopy (Fig 2,3). With suitable
antibodies, the scan array cyto-nuclear translocation method quantifies nuclear
translocation of signaling proteins for individual cells, and making it possible to study
single cells or averaged over populations. Signal transduction was deficient for both
cytokines. EGFR and TI3RII were distributed in punctate patterns in Mgat5j" cells,
coincident in greater measure with endocytic compartments marked byEEA-1 and Cav-1
compared to that of Mgat5+'+ cells (Fig 4). K+ depletion and nystatin were used to disrupt
coated-pits and caveolae, respectively. The combined treatments inhibited receptor co-
localization with endosomal marker EEA-1 and Cav-1, and more importantly, restored
EGF and TGF-[P signaling (Fig 2,4). Receptor levels were reduced on Mgat"S cells, and
restored by inhibiting endocytosis. Lactose treatment of wild type cells to disrupts
galectin binding reduced levels of cell surface receptors (Fig 5) while enhancing their
resideny in endosomes (Fig 7). The Mgat5 retroviral vector normalized the EGF and
TGF-P responses in Mgat5"" cells, while retrovirus encoding the mutant Mgat5 (Lec 4a
L188R) failed to rescue. Experiments are in progress to reveal the direct physical
interaction between receptors and galectins. However, our results indicate that Mgat5-
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modified N-glycans on TPR and EGFR bind to galectins at the cells surface, which
inhibits their removal into endosomes (model in Fig ID).

Although the major effect of the Mgat5 deficiency is loss of receptors, an increase
in spontaneous receptor aggregation was also observed. EGFR and TPR appeared more
punctate in Mgat5"" cells by immunofluorescence microscopy and lactose treatment of
Mgat5-expressing cells for lhr mimiced this punctate receptor distribution. Furthermore,
disruption of coated-pits caused ligand-independent Erk activation, which was much
greater in Mgat5"1" cells than Mgat5V" cells (Fig 2). Disruption of both compartments
restored ligand dependent signaling and the receptors displayed the more dispersed
pattern. Ligand-independent aggregation of EGFR can activated signaling but not simply
by inhibiting caoted-pits. Based on our results, Mgat5 may prevent spontaneous
clustering and activation of EGFR which can take place in cholesterol-rich lipid rafts.
TGF-•1 induces epithelial-mesenchymal transition (EMT) in premalignant epithelial
cells, which requires PI3K/Akt and Ras pathways 4. EMT refers to a morphological
conversion where polarized epithelial cells acquire fibroblastic characteristics, including
motility, loss of tight junctions and E-cadherin protein from adhesions. As an autocrine
factor, TGF-1f1 maintains EMT in some tumor. TGF-P induces the fibroblastic
morphology in PyMT Mgat5V4 and in rescued Mgat5I cells, but in Mgat5/" cells which
retained a coble-stone epithelial morphology and E-cadherin in tight junctions. TGF-P
enhances Mgat5 expression in B 16 melanoma cells suggesting a positive feedback
relationship. To determine whether a TGF-P autocrine loop is compromised in Mgat5"1
cells, we will suppress autocrine TGF-O activity with the antagonist Ahsg 15.16, and
examine EMT as well as basal and TGF-P induced Smad-2 activity. We will attempt to
rescue the failure of EMT in PyMT Mgat5-1 cells with a dominant active TO3RI, and with
dominant negative (dn-)dynamin (K44A) to block endocytosis. Rescue with these
constructs would support a causal relationship between TGF-fP signaling, the Mgat5"'
defect in EMT, and receptor residency at the cell surface, respectively. dn-dynamin
(K44A) may enhance surface levels of other receptors and rescue additional Mgat5
cellular phenotypes as noted below.

Task 2: Genetic experiments are used to identify the critical pathways regulated
by Mgat5 in cancer cells. In the first 7 ear our grant, we established that most PyMT-
induced mammary tumors in MgatS- mice grow slowly, and displayed impaired focal
adhesion signaling and PI3K/PKB activation 17. Steady-state phospho(473)-Akt was
lower in PyMT Mgat54" tumor homogenates, while phospho-Erk was similar in both
PyMT Mgat54 and PyMT Mgat5V' tumors 17. Importantly, the few (5%) PyMT Mgat5"'
tumors that escaped growth suppression, presumable due to additional mutations, had
high levels of activated Akt similar to wild type tumors. These data suggested that
Mgat5-modified glycans on cell surface receptors collaborate with intracellular PyMT to
activate PI3K/Akt in the tumor cells. P13K activation is required for cell motility and
tumor cell invasion 18,19. Indeed, PyMT Mgat5/ tumor cells are deficient in membrane
ruffling, actin filament turnover and cell motility (Fig 8). Cell motility is rescued by
infecting mutant cells with an Mgat5 retroviral vector, while the Mgat5 (L188R) mutation
did not rescue the defects. The Mgat5 (LI88R) mutant enzyme fails to localize in the
Golgi, and glycoproteins are not Mgat5-modified.

Curiously, constitutive PI3K/Akt activity but not that of Erk is impaired in PyMT
transformed Mgat5"1 cells, while acute Erk activation in serum-arrested cells by EGF or
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serum is severely impaired but that of Akt is only delayed. A deficiency in constitutive
PI3K/Akt activity is likely to produce additional phenotypes affecting cell size, cell cycle
checkpoint, sensitivity to stress, senescence and glucose homeostasis 'o. Indeed, Mgat5"/
PyMT tumor cells have reduced cell volume and defects in cell cycle checkpoints
revealed as resistance to hydroxurea and colcemid (Fig 9). The Mgat5 retoviral vector
rescued both of these phenotypes. In cycling cells, volume increases in G1 phase,
preceding start at the G1/S transition.

Pten"4 cells are partially deficient in PIP3 phosphatase, and the resultant increase
in PIP3,4 and PIP3,4,5 enhances Akt activation 2I;22. Pten is commonly mutated in human
cancers and associated with progression 23. To determine whether the Mgat5-- mutation
might suppress the hyper-activation of PI3K/Akt in Pten÷/ mice, we have interbred
Mgat5 and Pten mutant mice and preliminary results suggest these genes interaction, in
the immune system and in other tissues. If a deficiency in PI3K/Akt down-stream of
Mgat5 is causal in cell volume, checkpoints, and motility phenotypes, then increasing
PIP3,4 and PIP3,4,5 levels may rescue some or all phenotypes. Pten deficiency increased
phospho(473)-Akt, enhanced cell motility 24, enhances cell survival 25, and cell size26, and
over-expression of PTEN induces premature senescence. In preliminary experiment
double mutant Mgat5"/" Pten/'- mice showed normalization of phospho(473)-Akt in kidney
homogenates. As molecular evidence that rescue has occurred through this pathway, we
plan to measure phospho- Akt and -Erk by Western blots, and kinase activities by ip of
Akt, Pdkl, S6K and RSK in liver, spleen, intestine, kidney and lungs. Neutrophil
migration is slower in Mgat5"' mice (Fig 8). To determine whether the compensating
effects of PTEN and Mgat5 normalize cell migration in vivo (a marker of metastatic
cells), we will measure neutrophil migration into the peritoneal cavity 3hr post injection of
thioglycolate. Migration rates might be expected to correlate with phospho(473)-Akt
levels, producing the relationship; Mgat5 =PTEN+" > Mgat5/Y1.EN+' > Mgat5-"
/PTEN+' > Mgat5"'/PTEN+t÷. This result would indicate that opposition by PTEN and
Mgat5 controls PI3K/Akt activity and cell motility. This would suggest Mgat5
antagonists should block malignant phenotypes associated loss of Pten or over-expression
of PI3K, common events in human cancers.

Task 3: is to identify targets for Mgat5 glycosylation that are important in cancer
growth. Since last year we identify EGF receptor and TGF-P receptor as two more targets
in addition to T cell receptor and 11 integrins. In addition, we have determined the
Mgat5-glycans interact with galectins at the cell surface. The interaction of receptors and
galectins impedes receptor endocytosis and enhances signaling. This is a novel and
exciting advance in our understanding of N-glycan function on signaling receptors. More
work is required to identify additional receptors and quantify their interactions with
specific galectins. We will determine whether Mgat5 glycans on integrins through
galectins binding, destabilize adhesion plaques and accelerate turnover, thereby promote
cell migration.

Task 4 was to location 13l,6GlcNAc-branched N-glycans that mediate phenotype.
Since last year, we have attached functional significance to Mgat5-modification of EGF
receptor and TGF-13 receptor. In preliminary experiments, both receptor show an Mgat5-
dependent increase in binding to galectins-3 at the cell surface. We plan to compete this
biochemical analysis of Mgat5-modified glycans on these receptors.
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KEY RESEARCH ACCOMPLISHMENTS:
"* We have rescued defects in PyMT Mgat5"A tumor cells with an Mgat5 retoviral

vector, proving cause and effect.
" We used the new scan array assay to measure signaling and cell motility which

allowed us to completion of task 1. In these studies we have shown that Mgat5
regulates EGFR and TGF-0 receptor cell surface residency.

" We have generated Mgat5 crosses with Pten mutant mice, and preliminary results
suggest a gene interactions and therefore the possibility of targeting this pathway in
cancer with anti-Mgat5 agents.

REPORTABLE OUTCOMES:
* Publications:
We published a key paper last year in the high-impact journal Nature and another equally
important paper is being prepared. We published the first paper on C. elegans Mgat5 this
year in J. BioL Chem. We have done several invited reviews on the wider implications
of our findings, the most recent for Biochem. Biophys. Act.
* Patent:
A US patent application was files last coving methods of drug discovery based on the
concept of N-glycans as a modifier of receptor clustering.
* Invited Lectures:
Dr. Dennis has presented aspects of this work at NIH Glycobiology and Cancer
Workshop, Bethesda, Jul 17; Lake Ontario Metastasis Society; Chicago Sep 20, 13"'
Annual CEA meeting, "key note speaker" Aug 11; Mizutani symposium, Tokyo, Dec 9;
Japanese Immunology Society Meeting, Tokyo, Dec 4; Immunology Council Seminar,
Johns Hopkins; Roswell Park, Molecular & Cellular Biophysics Department.
* Trainees:
Mike Demetriou MD, PhD has taken a tenure track position at U. of Irvine, CA
Pam Chueng, a Ph.D. student in the Molecular and Medical Genetics Department at
University of Toronto has been working on project since early 2000.
Emily Partidge has joined the project early this year as a PhD student in the Department
of laboratory Medicine, University of Toronto

CONCLUSIONS: We have used tumor cell lines derived from mutant mice effectively
this year to show that Mgat5 regulates adhesion and cytokine receptors in cancer cells.
The data identifies important targets and suggests a broader mechanism of action for
Mgat5 in the regulation of tumor cell responses to trophic factors. Agents that deprive
tumors of trophic growth stimulation are an important new approach to cancer therapy
(eg Herceptin and Glevac). Our results suggest that these agents may work well with
inhibitors of Mgat5, and target receptors to suppress cancer growth. We are testing this
hypothesis further by comparing the sensitivity of Mgat5 mutant wild type tumors to a
variety of chemotherapeutics and other anti-cancer agents.
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Legends:

Figure 1:
N-glycosylation and Mgat5: (A) N-glycosylation pathway and galectin interaction with
polylactosamine. (B) Ribbon structure of TCR with space filling model of N-glycans.
The Gal-3 structure is depicted as bridging the distance between TCR and another
glycoprotein. (C) The phosphoinositide pathway and localization in membrane
compartment of the cell. (D) Scheme of receptor movement into endosomes either
through clathrin-coated pits or through caveolae lipid rafts, followed by ubiquitination
and destruction in lysosomes. In our working model, galectins binding to Mgat5 glycans
on receptors forming a lattice that prevents the receptors from entering the endosomes
and thereby enhancing cell surface expression.

Figure 2:
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Erk phosphorylation and nuclear translocation in response to EGF is defective in Mgat5-
/- tumor cells. (A) Staining with phospho-ERK antibodies. (B) Western blots for
phospho-ERK antibodies at times course following addition of 100 ng/ml of EGF.

Figure 3:
Smad-2 phosphorylation and nuclear translocation in response to EGF is defective in
Mgat54- tumor cells. (A) Staining with phospho-Smad-2 antibodies. (B) Western blots
for phospho-Smad-2 antibodies at times course following addition of 100 ng/ml of TGF-P11
Figure 4:
Co-staining for EGFR (red) and endocytic compartments (green) coated-pits (EEA1) and
caveolae (Cav-1) with and without drug treatments. Nystatin block cholesterol in
caveolae lipid rafts and K+ depletion blocks clathrin coated-pit formation.

Figure 5:
Cell surface TGF-ý receptor type 11 is depleted in Mgat5-I- cells. (A) cell surface
biotinylation followed by incubation for various times then ip of receptor followed by
SDS-PAGE and Western bloting with Step-HPA. (B) cell surface biotinylation following
control or lh treatment with nystatin and K+ depeletion to block endocytosis. Cells are
cultured for various times following treatment in normal growth medium. Receptor are ip
from lysates and Westerns probed with Step-TPA. (C) TGF-P1 cross-linking to cell
surface receptor was performed as previously described. PyMT tumor cells were
incubated for 30 minutes at 37'C in KR.H plus 0.5% BSA. The plates were placed on ice
and washed once with cold KRH plus 0.5% BSA and 1251-labeled TGF-031 added for 30
min. The cells were then washed twice with cold KRH plus 0.5% BSA, once with cold
KRH, then 0.5ml of DSS at 60 gg/ml was added and incubated for 15 minutes at 40C
with agitation. The cells were then incubated for various times at 370C in medium. The
cell lysates were centrifuged, and the supernatants from equal cell numbers were
subjected to SDS-PAGE. (D) Cells were treated as in panel B, but pretreated with
sucrose or lactose for 1 hr prior to biotinylation.

Figure 6:
EGFR co-localization with endocytotic compartments; coated-pits (EEAI) and caveolae
(Cav-1) is enhance in Mgat5-/- cells and the mutant phenotype is mimicked treating wild
type cells with lactose to disrupt the galectins interactions.

Figure 7:
(A-G) Kinetics for Erk and Samd-2 nuclear translocation in response t EGF and TGF-0
respectively. (H) schematic characterizing the differences in time courses.

Figure 8:
Cell migration, spreading and growth: (A) PyMT tumor cell motility on fibronectin
coated wells quantified by imaging the migration paths through a lawn of fluorescent
beads using scan array (A) Mgat5+I+ and (B) Mgat5" PyMT tumor cells. (C) Path area
made by cells after 18hr and quantified for 100 per well, Each bar is the mean ± SE of 6
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replicate wells. From top to bottom, the cells are PyMT wild type, PyMT Mgat5-I-,
rescue of the latter with Mgat5, and rescue with Lec4A Mgat5(LlssR) mutant Mgat5. The
Mgat5 enzyme activity in the cells is listed beside the bars (DE) The scratch wound
assay was used to compare cell motility. Wild type PyMT tumor cells were mixed 1:1
with either (D) Mgat5 - cells rescued with the Mgat5 retroviral vector or (E) rescued with
the Lec4A Mgat5(LisgR) mutant Mgat5 gene. Confluent and serum starved monolayer of
cells on glass slides are wounded by a lane scraped with a pipet tip and on examined 24h
later. (F) L-PHA lectin blot showing rescue of cell surface 01,6GlcNAc-branched N-
glycans in PyMT Mgat5"'" tumor cells infected with the Mgat5 retroviral vector. (G)
PyMT tumor cell spreading for 4hrs as a function of fibronectin concentration on coated
surfaces. Data from 3 Mgat5"- and 1 wild type line is shown. (H) Ear inflammation
induced by arachidonic acid and (G) neutrophil infiltration 3hr after thioglycolate
injection.

Figure 9:
(Top) Cell volume measure on a Coulter counter. (Bottom) Cell cycle distribution of
PYMT tumor cells growing in log phase cultures, and sensitivity to mitotic blockers
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EG -FR signaling is deficient in Mgat5-h- cells
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TPRII signaling is deficient in Mgat5-I- cells
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Cell surface Tf3RII is depleted in Mgat5-/ cells
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Cell volume is reduced in Mgat5-'- PyMT cells
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mutant mice. Depletion of the Mgat5-modilied glycans by swain- To examine T-cell responses in the mice, we induced a type IVsonine, an inhibitor of ci-mannosidase 11, potentiates antigen- delayed-type hypersensitivity (DTH) reaction, and measured tissue
dependent T-cell proliferation"4 . Mgat5 catalyses the addition of swelling. The protein-reactive hapten oxazolone was applied
Pl,6-GlcNAc to N-glycan intermediates found on newly synthe- topically to the backs of the mice, then again 4 d later to the right
sized glycoproteins that transit the medial Golgi'5 (Fig. 1a). The ear. Ear swelling in Mgat5"'~ mice peaked 24 h after application, and
glycans are elongated in trans-Golgi to produce tri (2,2,6) and tetra swelling was completely gone by day 5. Ear swelling in Mgat5-ý mice
(2,4,2,6) antennary N-ghycans, which are extended with N-acetyl- attained ahigher maxinmum between 48 and 72 h, and persisted for a
lactosamine (Gal-Pl,4-GlcNAc) and polymeric forms of N- longer time (Fig. le). To study T-cell-dependent autoimmunity
acetyllactosamine'. To further explore the function of Mgat5 in in viva'7 , we induced experimental autoimmune encephalomyelitis
T-cell immunity, we examined Mgat5-deficient mice for evidence of (EAF) by immunizing mice with myelin basic protein (MBP) at
immune dysfunaction. Mgae54 mice are born healthy, and lack three doses (25, 100 and 500 lug per mouse). At the lowest dose of
Mgat5 N-glycan products in all tissues examined'4 . At 3 months of MBP, the incidence of LAE was significantly greater in Mgat5-
age, peripheral white blood cells, erythrocyte and serum levels of deficient mice. Furthermore, 25 and 100 jpg doses of MBP produced
immunoglobulin (Ig)M and IgG were comparable in Mgat574- more severe EAF in MgatzS- mice compared with wild-type
Mgat5"- and Mgat51'~ mice (data not shown). The CD4 and CD8 littermates, characterized by an earlier onset, greater motor weak-reactive T-cell populations inthe spleen and thymus wereasoin the ness and more days with disease (Table 1). Myelin injections of
normal range (Fig. 1b, c). At 12-20 months of age, an increased 500 lag induced disease in all mice with greater peak scores and no
incidence of l~eukccolonies in kdny and enlargedspleenswa significant differences in disease incidence or severity between
observed in Mat - mice. Furthermore, 32%/ of the Mgat54- (6 out genotypes. These results indicate that mice lacking Mgat5-modified
of 19 mice) had macroscopic haematuria, mononuclear infiltrates glycans are more susceptible to DTH and EAE autoimmune disease.
and extensive accumulation of fibrin within Bowman's space, In vitro, splenic T cells from Magff5ý mice hyperproliferated in
characteristic of proliferative glomerulonephritis (Fig. ld). This response to anti-TCRaI/p antibody (Fig. 2a). To examine this
form. of renal injury is often observed in autoimmune-mediated hyesniiiyi oedtiprfe xvv el eeclue
glomerulonephritis. Milder renal defects were observed in 68% of at low density and stimulated with increasing concentrations of
the Mgat5-ý mice but not in the Mgat5"- or Mgat5"'~ mice, soluble anti-GD3E antibody in the presence or absence of anti-CD28
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Tawo i Ok o baI o ibvat of iv eIth autommune modified glycans and T-cdl activation. Leukoagglutinin (L-PHA) is
11aI11MYNSl a tetravalent plant lectin and is a commonly used T cell mitogen that

cu(dose) inddene Peaksooe Qo it (days) Days wt Dseaf binds specifically to Mgat5-modified glycans. Mga;-& T cells
o EAE disem were completely unresponsive to L-PHA, confirming that Mgat5-

-5" (25 pg) 3/11 0.45 ± 0.24 24.0±3.9 7.0 ± 3.9 0 modified glycans are required for stimulationbythis lectin (Fig. 2e).
Mgat5'i25p j4 9/11- 1.82 ± 0.39t 19.8 t .3t 11.5 ± 3.0t 1 L-PHA reactive N-glycans are also present on B cells, but L-PHA is
MAai5"(100 pg) 10/10 1.6±-0.22 25.0±2.2 18.5±2.2 0
Mgat5"' (100g4 10/10 2.1 ± 0.34t 17.6 ± 2.9t 23.3 ± 3.5t 1 not a B cell mitogen. Furthermore, B-cell responses to anti-IgM
Meq-" (500 g) 12/12 3.0 ± 0.43 &9 ± 1.2 27.9 ± 4.0 3 antibody, lipopolysaccharide and interleukin (IL)Q4 plus anti-CD40
MAat6-• -500 W g 12/12 2.83 ± 0.38 9.3 t 0.95 27.2 ± 2.9 2 antibody were similar for cells from Mgat5- and Mgat5+' mice

a Wa8assmaonasco-Sw0, nolinms; 1, UmtWr;2, hptM Wdhirnif (Fig. 2f, and data not shown). In T cells, L-PHA induces signalling
V~aqM;3, ncbb pWys% 4 loilirbweak~easparalyW and hhdrn'b pwamsis; and 5,

MW1151Isfts; e3th. Mea 4t wdarord mA ksw anddysw ads " 5,common to TCR engagement, including phosphorylation of CD3t,
Caiciat uskVg V tMW ru r of mice Irdeciwl p dow as r* dwomlaor. he mea ± Ca2 + mobilization, PKC-y and Ras/mitogen-activated protein

dsoc fay t osP mo< 0.•01.o yue edtidvI kinase (Mapk) activation'". The TCRedW chains have seven N-
0 onllngeytaat•,P<O.01.

t Ma-wwiriw u-test = vg 9,votyes fogrmict dftrs at P<0.05. glycans in total, and some are branched, complex-type structures
with L-PHA reactivity",". These data indicate that Mgat5-modified

antibody (Fig. 2b). Both the Mgat5 deficiency and CD28 engage- glycans are present on glycoproteins of the TCR complex and are
ment reduced the requirements for TCR agonist as indicated by Ds0  required for L-PHA mitogenesis.
values, and were additive when combined (Fig. 2c). Furthermore, When bound to major histocompatibility complex (MHC)/pep-
the apparent Hill coefficient (nH), a measure of synchrony in the tide, TCRs duster with an inherent affinity greater than unligated
responding cell population, was increased by both the Mgat5 TCRs, and the stability of these dusters is critical for intracellular
deficiency and by CD28 engagement Therefore, the stimulatory signallinge. However, the density of TCRs measured at the site of
effects of the Mgat5 mutation and CD28 co-receptor engagement T cell-APC (antigen-presenting cell) contact is only marginally
were additive and similar in potency. increased relative to the remaining cell surface, leaving most of

Alterations in cell-surface TCR complex levels and intracellular the TCRs unengaged by MHCipeptide'. It is possible that ligand-
signalling potential of T cells were examined and discounted as induced TCR dustering in the plane of the membrane may be
possible causes of the Mgat5- hypersensitivity. The Mgat5 increased in the absence of Mgat5-modified glycans, thus lowering
deficiency did not significantly alter cell-surface expression of Mgat5-/- T-cell activation thresholds. Therefore, to visualize TCR
CD3, CD4, CD8, TCRa/p3, CD28 or CTLA-4 glycoproteins in re-organization in response to an antigen-presenting surface, we
resting T cells (Fig. lb, c and data not shown). Intracellular coated polystyrene beads with anti-CD3e antibody and incubated
signalling potential in Mgat574- T cells is normal, as treatment themwithpurifiedex vioTclls.After 10minofcontact TCRsin
with the phorbol ester 12-O-tetradecanoylphorbol-13-acetate Mgat5--cells were markedly more concentrated at the bead surface
(TPA) and the Ca+ ionophore ionomycin stimulated T cells equally compared with Mgat5bd tcells (Fig. 3a, b). TCRs on wild-type cells
well from mice of both genotypes (Fig. 2d). could not be induced to duster to the same extent as Mga?5± cells,

We next examined the relationship between cell-surface Mgat5- even with longer incubations (20 min) or using anti-CDM e plus
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anti-CD28-coated beads (data not shown). Actin microfilanients orgnization~'. Phosphorylated Akt/PKB showed a greater fold
were more concentrated at the bead contact site in Mgat5-1ý cells, increase in Mgat5-ý compared with Mgaf5~'1 T cells (Fig. 3d).
and overlapped more extensively with TCRs in the merged images Mobilization of intracellular Ca"' after stimulation with soluble
compared with Mgats "1 T cells (Fig. 3a, b). TCRs are internalized anti-CD3f antibody was enhanced in the absence of Mgat5-mod.
after productive TCR clustering', and this was significantly greater ified glycans (Fig. 3e). Tyrosine phosphorylation of multiple pro-
in Mgat5'ý compared with Mgat5+1+ cells (Fig. 3c, solid lines). teins was increased and persisted longer in Mga&ý-T cells exposed
Intracelular signalling mediated by TPA treatment induces TCR to anti-CD3e antibody coated beads. (Fig. 3e). Immunoprecipita-
internalization but at simila rates in Mgat574 and Mgat5;'1* cells tion of Zap-70 revealed increased phosphorylation in Mgat5"-cells
(Fig. 3c, dotted lines). Microfilament reorganization was more 1-5 min after stimulation. Zap-70 kinase binds to dual phosphory-
rapid in Mgat5-deficient T cells after soluble anti-CDe antibody lated immunoreceptor tyrosine-based activation motif domains of
stimulation (Fig. 3d). Aktlprotein ldnase B (PKB) phosphoryla- Mt3, and association of the latter with Zap7O was increased in
tion is dependent on phosphoinositide 3-OH kinase activity, Mgat5-ý compared with Mgat5l' T cells (Fig. 3g). Thus, the Mgat5
which stimulates Rac/CDC42 GTPases and actin filament re- deficiency enhanced ligand-dependent TCR aggregation, and
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consequently, signal transduction and microfilanient re-organiza- (Fig. 4d; and data not shown). l~actose did not enhance signalling
tdon. in Mgad5 cells (data not shown).

The larger size ofMgat:5-modifled glycans may limit the geometry Galectin-3 was detected on the surface of naive T cells by labelling
and spacing of TOR dlusters in the plane of the membrane26, with sulphosuccinimidobiotin, capture with streptavidin beads and
Alternatively, Mgat5-modifled glycans may bind cell-surface galec- western blotting with anti-galectin-3 antibodies (Fig. 4e). Chemical
tins, which restrict TOR mobility and thereby antigen-induced TCR crosslinking of the cell surface to stabilize complexes followed by
clustering. The galectins are a widely expressed family of mamma- western blotting of galectin-3 imniunoprecipitates showed that
lian lectins defined as N-acetyllactosamine-binding proteins. The galectin-3 is associated with TCR complex proteins. This interac-
poly N-acetyllactosarniine sequences preferentially added to Mgat5- tion was disrupted by either Mgat5 deficiency or incubating wild-
modified glycans' enhance the affinity for galectin binding (Fig. 1a). type T cells with 2 mM lactose (Fig. 4e). Taken together, the data
Galectins bind to lactosamine and lactose with dissociation con- demonstrate that a multivalent cell-surface galectin-glycoprotein
stants in the 10' M range"', an affinity comparable to MHC/ lattice limits TCR dlustering in response to agonist, the avidity of
peptide-induced oligomerization of TCRs in solution'. Therefore, which is dependent on Mgat5-modified glycans (Fig. 4f). The full
the avidity of a multivalent galectin-Mgat5 glycoprotein lattice at complement of glycoproteins; and lectins present in the T-cell lattice
the cell surface may be sufficient to restrict TCR clustering. To probe remains unknown, but at a minimum includes galectin-3 and the
for the presence of galectin-glycoprotein interactions, wild-type ex TCR complex. Exogenously added galectin-l binds CD2, CD3,
vivo T cells were preincubated with various disaccharides for 20 min CD4, CD7, CD43 and CD45, and these proteins may also participate
before a 10 mmn stimulation with anti-CDe antibody-coated beads. in the lattice'. Indeed, exogenous galectin-1 modulates T-cell
Preincubation with lactose increased TCR clustering at the bead activation in vfrro , antagonizes TCR signalling2 , and when
interface and reduced TCR density elsewhere on the cells (Fig. 4c), injected into mice it suppresses the pathology of EAE27.
which is similar to the behaviour of untreated Mgatr1* T cells The gene replacement vector used to produce our MgatS-defi-
(Fig. 3a, b). TCR clustering was not altered by preincubation with cient mice contained the reporter gene LacZ replacing the first
the control disaccharide sucrose (Fig. 4b). Lactosamine and lactose exon, which was expressed with the same tisse specificity as Mgae5
both enhanced protein phosphorylation induced by anti-CDe transcript". Both the LacZ expression and cell-surface Mgat5-
antibody-coated beads, but sucrose and maltose had no effect modified glycans: in MgatT'- and Mgat5+'+ T cels, respectively,
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increased 48 h after stimulation, demonstrating regulation of Mgat5 stimulate celk We added 2paC of ['Ithymnidine for the last 20h of incubation, and weby tran~scriptional meanis (Fig. 4g). This suggests that Mgat5 enzyme collected cells on fibreglass filters and measured radioactivity in a ý-courrner.
activity and glycan production are limiting in resting T cells, and
with stimulation, increases in Mgats-modified glycans and galectins TC tsm
may dampen TCR sensitivity to antigen. Negative feedback by Six-micro, polystyrene beads (Polysierices) in PBS were coated with hamster anti-mouse

Mgat -mdifid gycais o TC sesitiityis dlayd a it equres CDUe antibody (Clone 2C1 1; Cederlane) at 2 gg mr
1 

antibody followed by coating withMgat5 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~0 -modified bovninne esiiiyi dlydasi euie serum albusmain. To measure TCR dlusctering, 5 x 10T cells wereMgat5 gene expression, which is dependent on T-cell activation incubated with 2 5 x 105 anti-CD3e antibody-moated beads in 100 wil RPM1 1640 + 10%status, and only indirectly on antigen concentrations. This form of PCs at 37*C for 10 moin, placed on poly-L-lytine-coated cover slips. The cells were fixedslow-negative regulation governed by steady-state activity of the wit 10% formalin, stained with?2 iagmr"'fluorescein isotisiocy'anate (PITC)-labelled
sysem s ake fetur o roustan adptie iocemial amnt-TOWOa antibody (Pharmingen), solubllized with 0.2% Mition X-100, labeled withsystem~roarue-hllii isakyfaueofrbsnnddptv iceia Hochs ad~ the viui by demanoolutiort mictscopy Topathways25, and Mgat5-modified glycans may contribute this measure TcR intrualization, pserified splanieT cel tmltdwith either 0.1 Hs mrl anti-feature to T-cell regulation. CD3 antibody or with 10 ng mE' TA for varying lengths of timre were collected and gtainedIt has been estimated that Sustained Clustering of roughly 8,000 wi~th n `CantilTCRoJP. T7A concentrations were not limxithig as 10ý 50 and 100 ng mr'

MGRS is required for T-cell activation', but other molecular inter- produediil ntenlztodn e ctivatio n emt i easur e ctn aopnization.
puififed splenic T cells stimulated with 0.1 isg mr' anti-CD3 for varying lengths of tieactions dlearly alter this threshold. With CD28 co-stimulation, only weefae with 4% paraliornasldehyde for 10min. washed with PBS and stained withabout 1,500 TMRS are required2. Co-signalling through CD28 rhodamiffe-phalloldin, and mean fluorescetce i tmiy OM) was determined by PACS.

decreases the extent of TCR clustering needed for activation pre-
dominantly by recruiting protein kinase-enriched GMI ganglioside TCR Si91nallin1
rafts to the site ofTCR engagement, thereby amplifying signallinegs. Tcells (10') and anti-CD3e antibody-coaxed beads (5x lO'at 0.4ugmrl antibody) inWe show that Mgat5 deficiency increases the number of MCRS 100 P1 RPMI 1640 were pdeleed, incubated at 37*C for vaious times thenm solubh2d with

recritedto he atige-prsentng urfae, terey ed the ice-c~old 50 niM bispH 7.2, 300 mM NaQ, 0.5% TritonX-l0O protease inhibitor cocicallreqruirementfor the cotge-preceptoringsragem ten eby reucing te (Boerige Mannheimn) and 2mM orthovanadate Zap-70 was immumoprecipitated byrequremnt fr C 28 c-reepto enagemnt hismay lead to T- incubting whole-cell lysats wth irabbit polydlonal anti-Zap..70 agaroe connjupc (Santcell activation in the absence ofCD28 co-signalling, fatilure of anergy Quz) overnight at4 *t, followe by one wash with lysis buffer and three washes with PBS.
and loss of immune tolerance. 0D28 mice are resistant to Western blotting was done with whole-ced lysates or iimunomprecipitates separated on
induction of EAE by low dose MBP, whereas Mgat574 mice are SDSpolacrladxe gel decerohoresis gels under reducing conditons, teansfored

electrophoretically to polyvinrylidene difuoride memibranes, and immimoblotted withhypersensitive, but both mutants develop clinical signs of EAE antibodies so Akt1PKB (NEB), phospho-AkcsIPm (NEB), phosphotyrosine (dlone 4G10;comparable to wild-type littermates with high doses of MBP29. In Upstate Biotechiology), Zap-70 (done Zap-70-6F7; Zymed), TCRei (polydonal;- Saintathis regard, CD28 and Mgat5 function as opposing regulators of -u) and rabsbit anti-Salectsn-3 (a gift from A. Raz University of Michigan). Cell-surfoce
T-cell activation thresholds and susceptibility to autoimrmune proteins werebiotinyiased using milphasssccnimidobiotin (WHS-bioti) for 30min, PBS

pH 8.0. Cells were lysed and labelled protein was captured on s trepvidin-agarose beads.disease. MgatS-dependent glycosylation limits agonist-induced To crossliok surface proteins on purified naive T cells, die homobifinictionaJ crosslin=TCR clustering by sequestering receptors in a cell-surface galec- dfio-bis(sulphoedimyylxi=in ) (DTSSP) was uwed at 0.1 mcgmirl with 10' celltin-glycoprotein lattice. However, the glycosylation deficiency in per ml in PBS PH 8.0 for 10min at 20*C. T cells were preincubased for 20 cin with or
Mgat5iý mice affects other pathways and cell types that May withiout 2mM lactose, and reacted with DT`SSP in the presence of the same. Aliquots of cal

ysatewere imicuoprecipitated with rabbit anti-galecta-3 antibody or ro-ontomuerabbitalso contribute to the observed autoimmunity. Indeed, Mgat5- "au (NS), separated on reducing SDS-PAGE, and western blotted for C)3e and TeRamodified glycans also reduce dusters of fibronectin receptors, chain. The band above C)3e is a cent-reactivity of secondary antibody with ligt-chain.causing accelerated focal adhesion turnover in fibroblasts and To measure Ca* mobilization, Purified T cdls were loaded with 10 sM AM ester of
tumour Cells; a functionality that may affect leukocyte motility"6 . Pluo-3 (Molecular Probes),washed andstimltd with 10Hrisgmfanti-CD3eantibodyat

CfC 37 *C. We took emittion at M2 nmo ming a spectroftnorimeter with eseitation at 488rmmFinally, glycosylation of Notch receptor by Fringe, a fucose-speci Daai lte as a fationof the Ca5' mobilized byaddition of2 gg mr'1ofionomydan.01,3-GlcNAc-transfierase, provides another example of regulation L~Zatrvity in Mg=15" T cells was detected by loading cells with flooresce-in-&A-oby differential receptor glycosylation99 . In a broad context, our plactopyranoside (FDG) (Molecular Probes) at 10 *C, and allowing the reacton toresults suggest a general mechanism for the regulation of receptor proceed for 30min. The reacion was stopped by the addition of I1mM pliemyl-0-
clustering through differential glycosylation and interaction with thn''tsd
cell-surface lectins. 0 Receied I11 Swkseohei accepted 29 November 2M0.
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LPace, K L., Le-. C. Stewart, P. L & Batum. L G. Resticted receptor segregation into membrane the release of one 02 and four H~. In the first two charge separations,
microdomainsocco on hubmoan T tells during apoptosis induced by ploctin-. 1.. h'm.'L 163% Q1 doubly reduces one mobile molecule QB docked to the binding

ann,; C. PaI . L0 nm. M4v, eisI.A. & C~re MaPotGaket.1inou site B on Dl. After uptake of two protons, QB1H2 is released into the
zeea-ceain pbotpharylation and "oanz rmes peooemme TcRug tamdc. I 1.. L 165 plastoquinone pool that is embedded in the membrane, and
3722-3729 (2000)1 replaced by a new QB from the pool for another round of reduction

*Ofo~er, F. eto d Romobinant boome beta-galactosddc binding lactin suppretaut clinical and and release.
busn~~eSIus 1 enneeea atoenme e ebs. Imereema 2.17-64 We isolated PSI! from the thermophilic cyanobacterium

*Baral. N. & LelblC, S. PRebustress in timple baaclemical utWceka Nawtr 387,913-917 (W9). Synedzococcu elongatus in the form of homodimers as shown by
Ofiveiea-doa-antos. A. 1. et ea CD28 coodmulanon itaruedia for the developmntee of aponoaneous electron microscopy (E. J. Boekenna, unpublished observations).

aae~einm~m enelnnydle.I. mw~ot 62.490449(199).With these preparations, fthee-dimensional crystals were grown'
Mo~oa~D 7.oaL a aoft atmodiiesNatb. daaae 06.~ ~ that are suitable for X-ray analysis (see Methods). According to

kw~algemllftSDS-polyacrylamide gel electrophoresis and mass-spectrometry
t flank S. Kuikarni and J. Tsang fur technica assetoonme This rnesode was supported by (MALDI-TOP) (data not shown), this P511 is composed of at least
min from Na of Canada, the Mizzutani Foundation, the National Sdene and 17 subunits6 of which 14 are located within the photosynthetic
gntm*n Researc Counel) of Canada, and GlycoDesig, 7eronto. membrane. the reaction centre proteins Dl (PsbA) and D2 (PsbD);

trsondance and requ formaterials shonld be addreneed to J.WD) the chlorophyll-containing inner-antenna subunits CP43 (PsbC)
malL- dennioG'mshri~onca). and CP47 (PsbB); a- and A-subunits of cytochrame b-559 (PsbE

and PsbF); and the smaller subunits PsbH, Psbi, PsbJ, PsbK, PsbL,
PsbM, PsbN and PsbX The membrane-extrinsic cytochrome c-550

0y1a sinictursaofm pl 4111-te -A

SA resoluton
hill ZIOWa, fmst-Tabla WMU, ian KIWI~ Peb. R0111110ln...uae.. ...

1sut mur, Woffim Samilet, Peh r tt

vc-Volmr-InsdtusJffr Eiophyskanlische Charmie und Biodoemse,
ooasche Universitat Berlin, Strapledes 17, Jumi 135, D-1 0623, Berlin, Genntany
enfufiWJr Chermie KrismiDoMrAphe Fme UnivesitatiBerlin, Talcesfrasse 6ý
4195 Berlin, Gemnany

rgenic photosynthesis is the principal energy converter on K
hL It is driven by photosystems I and IL two large protein-
Ictor complexes located in the thylakoid membrane and acting Figure 1 Electron densities of P511 after density modification and their interpretation.
eries. In photosystesm 11L water is oxidized, this event provides a, Surface of PSI1 homodimer drawn from the averaging mask generated during density
overall process with the necessary electrons and protons, and modrification. View direction along the membrane plane; the positon of local-C2 rotation -

atmosphere with oxygen. To date, structural information on axis, is showrn. b, Cytochrome (Cyt) b-559 heterodinwr with electron densities contoured
architecture of the complex has been provided by electron at 1.2ar (r.m.s. deviation above the mean electron densityý) for protein and haem group,
inscopyofintact, active photosystem U at I5-3OAresolution', and Mt4.0 a for Fe2-.The termini of the ae-helices are labelled N, C for the ce-subunit, and
by electron crytallography on two-dimensional crystals of N', Cfor the P-subunitc, Headgroups of P680chlorophyllI(Chl)a PDandPo2whitvew
D2-CP47 photosytem. U fragments without water oxidizing perpendicular to their planes. Mg3- are depicted as red spheres. d, Head group of
rity at S A resolution2 . Here we describe the X-ray structure of pheophytin Pheo13.
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Genetic defects in N-glycosylation and cellular diversity in mammals
James W Dennis*, Charles E Warrent, Maria Granovskyt
and Michael Demetriout

Glycoproteins in mammalian cells are modified with in vivo [3,4]. By balancing the proportions of glycoforms
complex-type aspargine-linked glycans of variable chain with different serum half-life, the potency and kinetics of
lengths and composition. Observations of mice carrying a cytokine response can be modified or adapted to extrin-
mutations in glycosyransferase genes imply that N-glycan sic conditions. In a similar manner, variation in receptor
structures regulate T-cell receptor clustering and hence glycosylation has the potential to modify their physical
sensitivity to agonists. We argue that the heterogeneity associations in the membrane and thereby the ligand occu-
inherent in N-glycosylation contributes to cellular diversity and, pancy thresholds for signal transduction. The terminal
thereby, to adaptability in the immune system. portions of mature N-glycans are generally not held close

to the glycoprotein on which they reside. This leaves them
Addresses free to bind to multivalent lectins at the cell surface.
ODepartment of Molecular & Medical Genetics, University of Toronto, Various receptor glycoforms would have differing affinities
Toronto, Canada; e-mail: dennis@mshri.on.ca for cell-surface lectins. The interaction of receptors with
tSamnuel Lunenfeld Research Institute, Mount Sinai Hospital, R988, such lectins could potentially serve as an adjustable means
600 University Avenue, Toronto, Ontario M5G 1 X5, Canada of linking various signaling systems and hence tuning the

Current Oplnion In Structural Biology 2001, 11:601-607 cellular responses to various stimuli, as previously suggest-

0959-440X/01 /$ - see front matter ed by Feizi and Childs [5]. Receptor systems that form
C 2001 El•evier Science Ltd. All rights reserved, highly cooperative macromolecular clusters in response to

Abreviations agonists, such as T-cell receptors (TCRs) and cell adhesion

APC antigen-presenting cell receptors, appear to be sensitive to glycoform variation.
CDG congenital disorder of glycosylation Herein we discuss phenotypes associated with mutations in
CRD carbohydrate-reongnition domain enzymes of the glycosylation pathways and their implications
pepItde-MHC antigenic peptide bound to major concerning the molecular functions of cell-surface N-glycans.

histocompatibility complex
PyMT polyomavirus middle T oncogene
TCR T-cell receptor Congenital disorder of glycosylation

The first stage of protein N-glycosylation, conserved from
yeast to man, is the synthesis of Glc3Man 9GlcNAcZ-PP-

Introduction dolichol and transfer of the oligosaccharide to proteins in
N- and 0-linked glycans are found on both cell-surfaceand the ER. Five congenital disorders of glycosylation (CDGs)
secreted proteins, many of which control proliferation and are known, each with a characteristic enzymatic defect
cell fate decisions in animals. Tissue-specific expression of either in the biosynthesis of Glc 3MangGlcNAc 2-PP-
glycosyltransferases is a significant factor controlling the dolichol or in its transfer to asparagine. These are known as
glycan profiles observed in differentiated cells [1]. In type I CDGs. Infants with these defects share clinical
addition, many glycosyltransferases compete for acceptor features, including developmental delay, multiple organ
intermediates, causing bifurcations of the pathways and abnormalities and severe neurologic dysfunction [6',7].
additional structural complexity [2]. Heterogeneity at These deficiencies result from the partial failure to gly-
specific Asn-X-Ser/Thr sites on individual glycoproteins is cosylate proteins with oligosaccharides at the usual
very common and diversifies the molecular population into Asn-X-Ser/fhr sites. A complete deficit of N-glycosylation
glycoforms. The protein environment of each Asn-X-Ser/Thr is expected to be incompatible with life, as the inhibition
influences access by processing enzymes and inefficiencies of oligosaccharyltransferase by tunicamycin is toxic to
in this process result in only a fraction of N-glycans yeast and mammalian cells. GlcMan7.GIcNAc 2 on newly
receiving certain substitutions. As a result, each Asn-X- synthesized glycoproteins binds calnexin, calreticulin and
Ser/Thr site of a glycoprotein is commonly populated by a ER a-glucosyltransferase. The last acts as a sensor of
set of biosynthetically related N-glycan structures. glycoprotein conformations and, combined with the

action of co-glucosidase II, a deglucosylation/reglucosy-
The specific activity with respect to a particular functional lation cycle continues and retains the glycoprotein until
property can vary between individual glycoforms and thus proper folding occurs, thus fulfilling a function analogous
the potency of a glycoprotein is actually the weighted aver- to that of chaperones [8",9].
age of the specific activities of the glycoform population.
For example, the peptide hormones lutropin and erythro- CDG type I patients display a remarkable variability in
poietin are produced with structurally diverse glycans, and clinical phenotypes, even, for example, between patients
the discrete glycoforms differ in their affinity for hepatic that have the same mutant alleles of the phosphomanno-
lectins, thereby determining serum half-lives and potency mutase gene PMM2 [6"]. The genetic background of each
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patient can presumably influence the expressivity of a kinase B (PKB/Akt). The activation of these latter

phenotype in a complex manner. The chaperone function enzymes is the downstream effect of focal adhesion sig-

of Glc1Man7_9GlcNAc2 may vary depending on polymor- naling, which appears to be impaired in Mga-r- tumor

phism in the underlying polypeptides and this could cells and embryonic fibroblasts. Glycans modified by

influence the clinical phenotype. 'Silent' polymorphisms Mgat5 are present on integrin at501 and their depletion

are common in the population, such as the underglycosy- may stabilize substratum attachment and result in an

lated state present in CDG patients, and may be impairment of PyMT signaling and tumor growth in

innocuous until revealed by a 'molecular stress'. This is Mgat54- mice [16"']. A cancer phenotype has also been

analogous to the inactivation of the chaperone Hsp90 in revealed in MgatB4- mice by treating them with a carcinogen.

Drosophila, which revealed the accumulated genetic vari- Diethylnitrosamine-induced hepatocarcinomas progress

ation between strain backgrounds as morphological more slowly in MgaW3-I- mice compared with wild-type
mutations [10]. In an evolutionary context, environmen- littermates. Further analysis of the mice revealed that a

tal stresses that compromise the buffering capacity of paracrine growth factor dependent upon Mgat3 promotes

protein chaperones, including those that rely on N-gly- tumor growth in the mice [17"].
cans, may reveal a reservoir of genetic diversity for rapid
adaptation [101. In the absence of GlcNAc-TII (Mgat2), complex-type

N-glycans are replaced by hybrid-type glycans (Figure Ia).

Complex-type N-glycans in embryogenesis and Mis-sense mutations have been identified in Mgat2 that
immune regulation reduce enzyme activity by >95% in two CDG type Ila
The position and specificity of key enzymes in the N-gly- patients [18]. This is a rare autosomal recessive disorder

can biosynthesis pathway are depicted in Figure la. The characterized by multisystemic involvement and severe

GlcNAc-TI gene Mgatl is ubiquitously expressed and impairment of the nervous system. Mgat2- mice are
required in the biosynthesis of all hybrid and complex- runted and die at variable times after birth with multiple
type N-glycans (Figure la). Mgatl-/- mouse embryos die at organ defects (D Chui, JD Marth, personal communication),
around embryonic day E9.5 with failures of neural tube further evidence that complex-type N-glycans are required
formation, vascularization and determination of left/right for normal embryogenesis.
body plan asymmetry [11,12]. Maternal sources of the
Mgatl enzyme and its N-glycan products are present in Mutations disrupting fewer glycan structures generally
pre-E6 day embryos, and may support development until result in viable animals with tissue-restricted or conditional
E9.5, after which complex-type glycans are largely deplet- phenotypes. These include mutations that affect either
ed [13]. In chimeric embryos, Mgatl-/- cells contribute to late steps in the processing pathway or enzymes with
various tissues, with the exception of lung bronchial functional redundancies. Immune phenotypes have been

epithelium (14]. Consistent with this observation, the detected in a number of viable glycosyltransferase mutant
Mgatl-4- embryos display a severe failure to organize mice, indicating a particular sensitivity of immune cells to
bronchial epithelium. As Mgatl mutant Chinese hamster changes in glycosylation. Sialyltransferase ST6Gal modi-
ovary cells grow normally in culture, the in vivo data on the fies N-linked glycans with a2-6-linked sialic acid; mice
failure of Mgatl 4-- embryos support the notion that com- lacking this enzyme display impaired B-cell proliferation
plex-type N-glycans mediate cell-cell interactions in the [19]. Mice deficient in ST3GaI-1, a sialyltransferase that

animal. However, when growth conditions are limiting, substitutes core I (Galpl-3GalNAc) O-glycans, also display
as in low-serum cultures, mutant tumor cells with the subtle phenotype of CD8+ T-cell depletion by apopto-
defects in either GlcNAc-TV (Mgat5) or the Golgi sis, but retention of CD8+ memory T cells [20]. The E-, P-
UDP-Gal transporter were observed to grow at reduced and L-selectins and their ligands control leukocyte traffic.
rates and displayed an increased dependency on autocrine Mutations in several glycosyltransferases that produce

growth factors [15]. selectin ligands disrupt trafficking, but mutant phenotypes
differ qualitatively, presumably because of the details of

These studies suggested that complex-type N-glycans on glycan structure and their tissue distribution. These

certain cell-surface receptors affect their sensitivity to include Fuc-TIV, Fuc-TVII [21], the O-linked core 2
growth factors and/or adhesion signals. Indeed, some GlcNAc-T(L) branching enzyme [22] and a 03GIcNAc-T
glycosyltransferase mutant mice may appear normal at that extends core I O-glycans with 6-sulfo sialyl-LeX [231.
birth. Phenotypes can be revealed, however, by stress and Mice deficient in the N-linked processing enzymes
aging, as well as by expressing the mutations in different oc-mannosidase 11 [24] or Mgat5 both develop autoimmune
inbred strains of mice. In this regard, there was a relatively kidney disease with age [25"*].
low incidence of mammary tumor growth and metastases
induced by the polyomavirus middle T oncogene (PyMT) MgatS-modified glycans regulate TCR
in Mgat54 - mice on the 129/sv x FVB background. The sensitivity to antigen
PyMT protein is an intracellular docking protein that Mgat5-- mice lack detectable GlcNAc[l,6Manal,6-

transforms cells by activating the Ras signaling pathways, branched N-glycan products and are born healthy from
as well as phosphatidylinositol 3-kinase and protein CD1 outbred and 129/sv inbred mouse strains [16"*].
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Figure 1

Glycosytation, signaling thresholds and cell (a) Hybridtype Complex-type
population diversity. (a) Scheme of the
N-glycan biosynthesis pathway. A AQ AGal-T Extensions
Oligosacchaiytitransferase, OT; Glc A Ga. II AL SO T S0 40
a-glucomidasea, Gl and Gil; P-N- GIcNAc M Fuc V SA

TIV, TV, TOi); all,2-mannosidases, Ml; al,3/6- T~i @

mannosidases, Mil and Mill; T(I)

ce-fucosyltransferases, Fuc-T; 1'Till TVX I
a-sialyltransferaees, $a-T; suffotrantsferase,
S0,4-T.Galonelnamesfer T1eto GJTV ar Mgtit
Mfgat5, respectively. Tun, tunicamycin. The OT Gin Ml V Z MII TO TIV *TV

circled numbers I to x represent Tun
biosynthetically related subsets of glycansI
labeled here only to illustrate the model M1II% //Tshown below. (b) Hypothetical model to TI +
represent variability or plasticity within theY
T-cell population. For each T cell, entry into
S phase is a switch-like event that initiates
activation and several rounds of cell division. (b) 74,11. x
Each black line represents individual cells or Mean T [stimulus)'n= k c
groups of cells that share a similar N-glycan response D60 + [stimutusln1
structural profile. The weighted conributions
of glycolorms (k1 -kx) determine the cell VtMaS4
phenotype (4), the response to agonist. The
mean response to agonists is the sum of
responses for the population over all 4.. The Co
dashed lines depict the influence of Mgate
glycana. The mean response has a D0s andD
Hill slope as depicted by the colored line for CE-
the wild-type (wt), Mgat5 deficiency
(Mga!5-1) and Mgat5 overexpression 1 1 0 01 0(1T Mga151. The last panel may also apply to [tmls
ST6Gal-deficient cells. Note the variance in [tmls
the cell population is Largest for the wild-type ()(d)
and reduced in the mutants. (c) Purified aHt D6o MgntE a-D
T celia were stimulated at low density for 48 h EL40000. (n 4 + 750
with increasing concentrations of soluble 9 34 1
anti-TR antibody in the presence or absence I -

of arrti-0028 antibody (data from [25-]). The V 200 17 12 + + Iwao
E 0000. 1  -6 .1 .

code for genotypes and stimulation in each .9 -- 6 -36 + - 250curve are indicated in the table on the right. 1100
along with the figand concentration providing ___1 _____0__

a 509bs response (D350 and the Hill coefficient 0.00 0.ot 0.1 0.01 eti 0.1 e1l
(nH). ((D Adhesion of Mgat5-1 (solid) and ca-CD3 (gg/ml) Fboetn(gwl
wild-type (open) leukocytes to increasing cro ~ini fcrlBlg
concenttrations of fibronectin. Mgat5-moditled
glycans on the TCR complex and adhesion
receptors impair TCR clustering and formation
of focal adhesions, respectively, in both oases
reducing the cooperativity (nH) and increasing
the ligand threshold (Dý0).

However, small litter sizes and higher perinatal mortality mice. In contrast, MgaI5-I- B cells responded normally to a
have been observed with the Mgat5 mutation on a PLJ variety of stimuli, indicating that the defect is restricted to
mouse background, a hyperimmune mouse strain selected cell typcs.
(j Pawling, M Demetriou etal., unpublished data). Mgdt54#
mice displayed an age-dependent autoimmune disease TCRs are recruited into 'immune synapses' by pep-
characterized by glomerulonephritis [25**]. T-cell-depen- tide-MHC complexes on antigen-presenting cells
dent immune reactions were exaggerated in Mgat5l4- mice (APCs). A threshold number of receptors are required in
and T cells in culture were hypersensitive to TCR agonists. the immune synapse to sustain intracellular signaling and
Delayed type hypersensitivity was more severe and sus- trigger entry into S phase [26]. This rate-limiting event of
ceptibility to experimental autoimmune encephalomyelitis, sustained TCR clustering was enhanced in Mg=5S4 - cells
a model for human multiple sclerosis, was greater in mutant (Figure 2). TCR-dependent tyrosine phosphorylation,
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Figure 2

Restriction of receptor clustering by galectins.
(8) (b) (a) A model depicting restricted mobility of
Mgat5w4  TOR by interaction with a galectin-

glycoprotein network. The lattice has more
binding interactions and therefore greater

6 avidity in Mgat5+1+ cells. The ball marked byan asterisk represents an APO or an anti-TOR
antibody-coated bead. (b) Merged images of
Mgat5"/- and Mgat5+1+ cells, showing the
TOR (green) and actin microfilament (red)Restrng Agonist on AP distribution in T cells stimulated by antii-CD3E

coated beads (marked with an asterisk) (taken
Mgat5-,'- -~~~~[21). ()Shmtcdarmo

galectin-3 homodimer, represented as a red
dumbbell in (a), binding to N-glycans and

r76 crosslinking two glycoproteins.

"* TCR
" Other glycoproteins

Galectins

(c)

Galsctn-3

N

Cmrent Opinin In SUucuMa Boogy

actin microfilament reorganization and Ca2+ mobilization occur in minutes after agonist-induced receptor clustering.
were enhanced in Mgat5"4- T cells, but intracellular signaling Therefore, Mgat5-dependent regulation of TCR sensitivity
downstream of TCR induced by phorbol ester was to antigen is a long timescale, slow form of negative feed-
unchanged. These results indicate that T-cell hypersensi- back, governed by the steady-state activity of signaling
tivity in Mgat5-I- cells is due to change at the cell surface pathways that are downstream of TCR. This type of delayed
[25"]. In quiescent T cells, Mgat5 gene expression is negative feedback has been observed in other pathways
low and rate limiting in the production of cell-surface and provides a mechanism to adjust or tune receptor
N-glycans with 0l,6GlcNAc branches. Mgat5 gene tran- sensitivity to match ambient conditions [28]. T cells in
scription, enzyme activity and glycan products increase different tissue environments may alter Mgat5-modified
following activation [2501. Mgat5 gene expression is posi- glycan levels, thereby adapting the TCR sensitivity and
tively regulated by Ras-Raf-Ets activation downstream of response threshold.
TCR. Therefore, Mgat5 glycans are regulated during T-cell
maturation and are also determinants of TCR sensitivity Lectin-glycan Interactions modulate
to agonists. lymphocyte receptor signaling

The TCR a and 5 chains together have seven N-glycans
Some glycoproteins recycle through the endocytic path- and CD3 ,y and 8 each have one chain. Glycosylation is

way and back to the cell surface, but this does not appear necessary for the assembly of these peptides into a mature
to involve remodeling of N-glycan branching [27]. As such, TCR complex. The N-glycans protrude -30 A from the
changes in N-glycan branching at the cell surface occur protein surface and a fraction of these glycans appear, by
through de novo synthesis of glycoproteins. The timescale their positive leukoagglutinin L-PHA reactivity, to be
of this process is hours, whereas TCR-dependent tyrosine ll,6GlcNAc-branched complex-type structures [29], which
phosphorylation, Ca2+ mobilization and actin rearrangement are preferentially substituted with poly N-acetyllactosamine
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[30]. Electron density for the chitobiose core (GlcNAc2) of Siglecs are sialic-acid-binding lectins implicated in lymphoid
N-glycans is often observed in high-resolution X-ray and mycloid cell functions. CD22 (siglec-2) binds ST6Gal
structures [31"*]. However, density for distal N-glycan products (SAa2,6Galý) in cis on the B-cell surface. Unlike
sequences is generally not visible in X-ray structures, con- galectins, CD22 is a transmembrane protein with a phos-
sistent with their mobility and lack of order in the crystal. phorylated cytosolic domain, and recruits Grb2, Shc, SHPI
Biantennary complex-type N-glycans have been modeled and SHIP, causing reduced B-cell receptor signaling [40]. B
onto TCR complex. Based on their size and positions, it cells of CD22-deficient mice are hypersensitive to antigen
has been proposed that N-glycans may limit nonspecific stimulation. However, ST6Gal-deficient mice display
receptor aggregation and thereby also spurious T-cell impaired B-cell proliferation, attenuated antibody produc-
activation [31"*]. The glycans may also align the geometry tion and, although cell-surface CD22 is present, it is not
for TCR binding towards peptide-MHC complexes on bound to ligand [41]. This suggests that the recruitment of
the APC [31. CD22 into B-cell receptor signaling complexes is inhibited

by SAct2,6Galp. Therefore, SAcz2,6Galp appears to be a
We recently reported that glycoproteins of the TCR com- negative regulator of a negative regulator (i.e. CD22) and
plex bind to galectins at the cell surface, which impedes loss of SAcL2,6Gal0 allows CD22 to dampen the B-cell
TCR clustering in response to agonist [25"*]. The galectin response. Such a possible scenario is depicted by the model
family is conserved in metazoans and features either one or in Figure lb (represented by the right panel). ST6Gal
two carbohydrate-recognition domains (CRDs) per mole- activity [42] and CD22 occupancy with sialic acid are
cule. Galectin-1 and galectin-3 have one CRD and form regulated with B-cell activation [43]. Similar to Mgat5
homodimers with CRDs spaced -50 A apart and oriented in regulation in T cells, this suggests that the signaling
opposing directions [32], a feature ideally suited for cross- threshold for B-cell receptors may be regulated by differ-
linking glycoproteins with multiple glycans [33] (Figure 2). ential sialylation, which controls the availability of CD22.
Treating wild-type T cells with lactose or lactosamine to
dissociate the galectins from their endogenous ligands Structural diversity of glycans Increases
enhanced TCR clustering and tyrosine phosphorylation in functional diversity
response to agonist, in essence creating a phenocopy of Individual cells typically show small variances of many
Mga5'4- [25-]. Furthermore, cell-surface galectin-3 was molecular parameters that, together, confer a Gaussian
found physically associated with TCR complex, an interac- spectrum of responsiveness in the cell population. The pro-
tion enhanced by the expression of Mgat5 glycans. rein glycosylation machinery appears to be designed to
Monomeric affinities of galectins for lactosarnine and lactose increase molecular heterogeneity and, presumably in some
are in the 10-3 M range [34], which is comparable to pep- instances, functional diversity within cell populations as
tide-MHC-induced oligomerization of TCR measured in well. Although different receptor glycoforms may vary only
solution and lower than TCR affinity for peptide-MHC to slightly in their affinities for lectins and signal transduction,
form an immune synapse [26]. Poly N-aceryllactosamine, a exponential amplification of lymphocyte clones can convert
slightly higher affinity ligand (10-4 M) for galectin-3 [34], is small differences into large systemic events [44]. T-cell
preferentially added to Mgat5-modified glycans [30] clones undergo multiple rounds of cell division once trig-
(Figure la). Therefore, Mgat5 glycans on the TCR complex gered by peptide-MHC binding above a threshold affinity.
and other glycoproteins appear to form a multivalent lattice Once this stochastic event occurs, strong positive feedback
held together by galectins, which slow the migration of the by cytokines creates a highly cooperative and sustained
TCR into clusters at the immune synapse (Figure 2ac). expansion of cells. Many other interactions between cells

influence the balance of Thl/Th2 helper T cells, develop-
There are at least ten mammalian galectins with overlap- ment of memory T cells and cessation of the response. The
ping expression patterns. Mice deficient in galectin-1 or immune system appears to be particularly sensitive to small
galectin-3 are healthy, but have not yet been examined for functional differences at the cellular level.
T cell or stress-related phenotypes [35]. Galectin-3 and the
TCR complex are present in the T-cell lattice and Sustained clustering of ~8000 TCRs results in an increase in
galectin-1 has been reported to bind to glycoproteins des- the concentration of protein kinases and of docking proteins
ignated CD2, CD3, CD4, CD7, CD43 and CD45 on on the inner surface of the membrane; this results in the
T cells [36], but other components of te lattice remain to triggering of T-cell activation [45]. CD28 is a co-receptor of
be defined. Exogenous galectin-3 and galectin-1 modulate the TCR. Binding of CD28 to CD80 on APCs enhances the
T-cell activation in vitro [36], antagonize TCR signaling recruitment of intracellular signaling molecules, thereby
[37*1 and, when injected into mice, galectin-1 can suppress reducing by fivefold the number of TCRs required for acti-
autoimmune disease [38]. The expression of galectin-3 at vation [46,47]. The Mgat5 deficiency sensitizes this system
the cell surface of cancer cells is associated with an still further and lowers the threshold for the TCR response
increase in tumor growth, invasion and metastasis [39*], to agonists; this is independent of the ligation of CD28 [25**]
possibly as a result of enhanced tumover of integrin-sub- (Figure 1c). In addition, the apparent Hill coefficient (nH)
stratum contacts, which would give rise to an increase in was increased in Mgat5-deficienct cells and this represents
focal adhesions. the synchrony of the responding cell population in this
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E Golgi §l,6N-acetylglucosaminyltransferase V (MGAT5) Is required in the biosynthesis of
o 01,l6GIcNAc-branched N-linked glycans attached to cell surface and secreted glycoproteins.

Amounts of MGAT5 glycan products are commonly increased in malignancies, and correlate
with disease progression. To study the functions of these N-glycans In development and disease,
we generated mice deficient in MgatS by targeted gene mutation. These Mgats*i mice lacked
Mgat5 products and appeared normal, but differed In their responses to certain extrinsic condi-
tions. Mammary tumor growth and metastases induced by the polyomavirus middle T oncogene

E was considerably less in Mgat5S-4 mice than in transgenic littermates expressing Mgat5.
Furthermore, Mgats glycan products stimulated membrane ruffling and phosphatidylinositol 3
kinase-rotein klnase B activation, fueling a positive feedback loop that amplified oncogene sig-
naling and tumor growth In vivo. Our results indicate that inhibitors of MGAT5 might be useful in
the treatment of malignancies by targeting their dependency on focal adhesion signaling for

* growth and metastasis.

0

2 Malignant transformation is accompanied by increased MGAT5 selectively substitutes only a subset of N-glycan inter-
01,6GlcNAc-branching of N-glycans attached to Asn-X-Serlrhr mediates, presumably specified by the structural feature of the

Z sequences in mature glycoproteins1 2 .The 01,bGlcNAc-branched glycoprotein substrates". Structural analysis of glycans on spe-
N-glycans are tri (2,2,j)- and tetra (2,4,2,b)-antenna-like cific glycoproteins remains incomplete, but has shown that
oligosaccharides that constitute a subset of the 'complex-type' MGATS products are present on the integrmns LFA-1 and ceps

I N-glycans (Fig. la). The medial Golgi enzyme ll,6N-acetylglu- (refs. 17,18). The amount of MGATS product on integrin sub-
cosamlnyltransferase V (MGAT5 (mannoside acetyl glu- units oc, o, and 1 increase in cells transfected with MGATS, and
cosaminyl transferase 5) or GlcNAc-TV) catalyzes the addition of the cells show increased motility and decreased substratum ad-
01,6-linked GIcNAc and defines this subset of N-glycans"' (Fig. heslon". The larger size of MGAT5 products may impede or alter
la). The plant lectin leukoagglutinin (L-PHA) binds specifically the kinetics of protein-protein interactions that mediate
to mature MGATS products (Fig. la)(ref. 5). L-PHA has been used cell-cell and cell-substratum adhesion. Indeed, large N-glycans
to measure these N-glycans in tissue sections (Fig. lb and ref. 6). present on CD44 (ref. 19), intracellular adhesion molecule-1 (ref.
MGAT5 products in breast and colorectal carcinomas correlate 20) and CD43 (ref. 21) decrease the ligand-binding activity of
with poor prognosis and decreased survival time"7. these cell adhesion receptors, although the in vivo importance of

MGAT5 enzyme activity increases in fibroblast and epithelial these observations has been unclear.
cell lines with expression of the oncogenes v-src, T24-H-ras and v- Here, we generated MgatS-deficlent mice by targeted gene mu-
fps, and in cells infected with polyomavirus or rous sarcoma tation in embryonic stem (ES) cells to assess the function of
virus'49,. Transcription of the MGATS gene is positively regu- MgatS products in normal development and cancer progression.
lated by signaling downstream of these oncogenes, notably by Activating mutations in Ras genes, as well as mutations leading
the Ras-Raf-Ets pathway","2. Studies on transplantable tumors in to activation of protein kinase B (PKB; also known as Akt) are
mice have indicated that MgatS products contribute directly to commonly found in human tumorso"A. The Polyornwvru middle
the cancer growth and metastasis. For example, somatic tumor T antigen (PyMI) viral oncogene activates these pathways24m,
cell mutants deficient in Mgat5 activity produce fewer sponta- which together contribute to transformation and multifocal tu-
neous metastases and tumors grow slower than wild-type mors in mice expressing PyMT from a transgene in mammary
cellsl°,o. In addition, forced expression of MgatS in epithelial epitheliumr . Here, PyMT-induced tumor growth and metasta-
cells results In loss of contact inhibition, increased cell motility, sis were considerably suppressed in MgatS-deflcient mice com-
morphological transformation in culture, tumor formation in pared with that In their PyMT-transgenic littermates expressing
athymic nude mice", and enhanced metastasis"5 . MgatS. Moreover, Mgat5 gene expression was induced by the
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a b f rman tdally all catalytic activity and MgatS
products in the MgaL54- mice (Fig. 2e).
Mgats-defident mice developed nor-

N-glycan bIosff is mally, producing normal numbers of

L-PHA pups, but adult Mgat5-" mice had several

Y T . "H M phenotypic abnormalities, Including
leukocyte recruitment into inflamed tis-

Carcnoma sues, an age-related decrease in the ceilu-
larity of kidney glomerulli, an apparent
deficiency in nurturing behavior, and T-

Mgat5 cell hypersensitivity to T-cell receptor ag-
onits. These phenotypes are now being
analyzed. Peripheral white cell and ery-

Fig. 1 MGAT5 in N-glycan biosynthesis, and overexpression of its products in human cancers. a, Golgi throcyte countS were normal, and popla-
N-glycan biosynthesis pathway, showing MGAT5(-M in the production of a tetra (2,,42,antennaIike tdons of T and B cells in spleen, thymus
ofigosaccharide (numbers in brackets represent linkages of the 'antennae', left to right). OT, oigosac, and lymph nodes were also in the normal
chartramfeme; GI and QIl, the a-glucosidases; TI, TOT, T, TVT(i), the ýN-.cetyIglycosaminyftrans- range, as assessed by fluorescence-acti-
ferases; MI, the al,2mannosidases; Mil, MiIl, il,3/6mannosidases; Gal-T, •1,4-gatactosyttransferases; vated cell sorting analysis (data not
ST, a-sialy-transferases. The boxed structure GalI1,4GIcNAc•1,6(GaIp1,4GIcNAc1,2)Mane binds L- shown). There was no weight loss or pre-
PHA (ref. 5). b, L-PHA lecin histochemical staining of a human benign fibroadenoma and breast carc- mature mortality in the Mgat54- mice up

E noma using steptoavidin-horseradish peroxidasefor detection as described'. to 18 months of age.

LacZ activity in Mgat5*- embryos was
PyMT oncogene. Finally, the products of Mgat5 promoted focal distributed like that of Mgat5 transcripts (Fig. 3a and b), indicat-

c adhesion turnover, which amplified PyMT-dependent activation ing the reporter gene faithfully reflected Mgat5 transcription in
of phosphatldylinositol 3 (P13) klnase-PKB, and promoted mouse tissues-". LacZ activity, Mgat5 transcripts and L-PHA reac-

Stumor growth and metastasis. tivity also co-localized in adult tissues. In the cerebellum, the
neuronal cell bodies stained for lacZ and the neural dendritic

Mgot5-6- mice are viable and lack Mgat5 products trees stained with L-PHA; the latter is consistent with localLza-
SWe designed the Mgat5 targeting vector to replace the coding tion of glycoproteins to plasma membrane and secretory com-

portion of the first exon of Mgat5 with the lacZ reporter gene partments (Fig. 3c and d). Therefore, lacZ activity in mice with
.S (Fig. 2a and b). We isolated two independent homologous re- MgatS-mutant alleles could be used to monitor Mgats promoter
Scombinant ES clones and injected them into blastocytes to pro- activity in vivo.

duce chimeric mice. Alleles from both ES cell lines were

4 successfully transmitted from chimeric mice to progeny. Mgat5-1" Cancer growth and metastasis are reduced In Mgat.5 mice
mice were generated from heterozygous parents with a normal We crossed PyMT-transgenlc mice with Mgaat5-mutant mice andSfrequency of 25%. We determined the MgatS genotypes of the measured tumor latency, tumor growth and the incidence of

Z mice by Southern blot analysis (Fig. 2b) and by PCR analysis lung metastases in the progeny. We first detected mammary tu-
I (data not shown). Mgat5 enzyme activity was approximately mors in PyMT Mgat5"- and PyMT Mgat5*I female mice at 8 weeks
S 50% in heterozygous mice, and below the level of detection in of age, and by 16 weeks 50% of the mammary pads had tumors
j Mgat5-I- mice (Fig. 2c and d). We did not detect Mgat5 products (Fig. 4a and b). In contrast, 50% tumor incidence in the PyMT

in MgatS-- tissmes by L-PHA lectin probing of western blots, indi- MgatS-' mice occurred at 24 weeks, and by 27 weeks of age, tu-
cating that mutation of the Mgat5 locus had eliminated essen- mors were detected In all mammary fat pads. PyMTMgat5*4" male

Rg. 2 Targeted mutation of the a b
Mgqa5 locus in mice. a and b, The • b
wild-type Mgot5 locus, the targeting
vector, and the resulting targeted 4,8 kb
locus. Nucleotides -22 to 241 of the 3. k

first coding exon were replaced with .6 kb
Jail and a neomycin-resistant gene , JF
0, exon; U (above Mgat5 genomic 1 2 3 4,0

locus), 5' external probe; P, Pstl re-
striction site. b, Southern blot analy-
sis of genomic DNA of F2 offspring derived from heterozygous d e
Crosses. DNA digested with Psl was hybridized to the 5' external
probe. Lanes 2 and 4, Mgat.S"• genotype of F2 mice generated from
two independently targeted ES clones. Left margin, molecular size
markers c, Mgat5 enzyme activity in Mgat5" (1) and Mgat5- (0)
tissue homogenates ('in counts per minute; mean ± s.d. of triplicate .
samples).d, Time course of Mgat5 enzyme activity (n counts per
minute) in small intestine from Mgo't5"" (D), Mgot"4" (9) arnd Mgat5,"

(P) mice. c, L-PHA-reactive glycopmteins in homogenates separated - K N 8 S Lu L I

by SDS-PAGE. I, intestine; K, kidney;, H, heart; B, brain; S, spleen; Lu, 0 if* 'Mi 200 2W SU • .
king; Li, liver. I* *t)
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FIg.3 Mouse embryo atembryonic day 7.5. aand b, Section through the a . b
center of embryo. a, lacZ expression, visuarlzed by X.gal staining (blue). b, ,'Y
Darkfield microscopy, showing Mgots transcripts detected by RNA in situ
hybridization. cand d, Cerebella of mice at postnatal day 6. LocZ expression
from the targeted MgatS allele corresponds to L-PHA staining. The neuronal
cell bodies stain for oacZ (c) and the neural dendritic trees stain with L-PHA
(d); the latter is consistent with localization of glycoproteins to plasma
membrane and secretory compartments. t, trophoblasts; e, embryonic tis-
sue; ee, extraembryonic tissue; p, Purdinje cells.

mice developed tumors between 6 and 9 months and tumor de-
velopment in Mgat5-I- male mice was delayed until 10-13
months (data not shown). Tumors in PyMT MgatS." mice grew
more slowly than those in heterozygous and wild-type mice (Fig. PyMT MgatS'- tumors stained strongly. We found that S of 140
4c). At 28-30 weeks of age, the tumor burden in PyMT Mgat5-- tumors In PyMT MgatS-#" mice had acquired a fast-growth pheno-
mice was 3.4 ± 0.8 g, compared with lS.1 ± 1.8 g and13 ± 2.8 g ln type, similar to tumors in transgenic mice expressing Mgat5.
the PyMT Mgat5•- and PyMT Mgat5*i mice, respectively. The These tumors, which had escaped growth suppression dependent
fraction of cells staining positive for proliferating cell nuclear on MgatS-'-, also expressed more lacZ activity (Fig. Sf and g). This
antigen was substantially less in PyMT MgatS"- neoplastic and indicates that the Mgat5 promoter was activated in concert with
carcinoma tissues than in similar tissues in PyMT Mgatf5- mice the molecular event(s) leading to a fast-growth phenotype. L-

o (Fig. 4d). The frequency of apoptotic cells in the tumors was PHA-reactive N-glycans were not re-expressed in the fast-growing
1-2% and did not vary substantially with MgatS genotype (data PyMT MgatS& tumors (data not shown).

Snot shown). Northern blot analysis indicated that PyMT tran-
c script amounts were similar in tumors from the three MgatS Mgot5"" stabilizes focal adhesions and actin stress fibers

genotypes (data not shown). Overexpression of MGAT5 in cultured epithelial cells blocks con-
. The incidence of lung metastases in PyMT Mgat-•- mice was tact inhibition of growth, and cell-substratum adhesion on col-

about 5% that in wild-type and heterozygous littermates (Fig. lagen and fibronectin .Therefore, we removed mammary tumor
4e). The metastatic tumor nodules in lung were smaller in the cells from PyMT-transgenlc mice and cultured them on fl-

PyMT MgatS-1- mice, and tumor burden in the lung did not cause bronectin-coated cover slips in serum-free medium to assess cell
cardiac hypertrophy (0 of 15 mice), which was common in the spreading, microfilament organization and focal adhesions.

.5 PyMT MgatS*I* and PyMT MgatS'" mice at late stages of tumor PyMT Mgat5-'- tumor cells showed impaired membrane ruffling
Sgrowth (13 of 27 mice). compared with that of PyMT Mgat5•* cells. The former cells

Before overt tumor formation, the branching morphology of showed actin stress fiber networks with paxillin in a punctate
ductal epithelium was similar in PyMT Mgat5-- and PyMT distribution of focal adhesions beneath the cells, whereas pax-

. Mgat*- mice (Fig. Sa and b). In mammary fat pads lacking overt Oin in the PyMT Mgat5" cells was very concentrated in ruffled
tumors at 14 weeks, there

Z were multiple microscopic a
tumor foci in mice of all

SMgat5 genotypes. This indi-
cates that although tumor
growth was considerably Z
less, multiple focal initiation
was not suppressed in
MgatS-deflcient mice. At 26
weeks, tumors in Mgat5 - is $4 16 22 'M

and Mgat5*÷ PyMT-trans- Tirne (weeks)

genic mice had completely
replaced the ductal epithe- d
lium, whereas mammary fatjo
pads from PyMT MgatS" ;i I *

mice contained areas of nor- a .Lsi l$
mal tissue, hyperplasia and 1 0
neoplasia (Fig. 5c and d). 12

LacZ activity was absent in
normal and hyperplastic 2 4 0 s H D .a af4-

mammary tissues of PyMT Titmoneft)

MgatS- and PyMT Mgat5- Fig. 4 PyMT-dependent tumor growth is suppresses in MgotS- mice., Fraction of mammary pads free of palpable tu-
mice (Fig. 5e). PyMT MgatS-- mrs in PyMT-transgenic llttermates with either Mgat5' (0I; n = 9), M06t5• (A; n =17) or Mgot5-- (; n = 14) geno-

types. b, PyMT-transgenic mice at 26 weeks of age. c, Tumor growth (omitting the 5 of 140 fast-giowing tumors), plotted
tumors expressed small as mean tumor surface area ± s.e.m.; time 0, initial detection by palpation. d, Sections of mammaryfat pad from MgatS-
amounts of LaCZ activity (n) and MgatSw- (0), stained with antibodies against proliferating cell nudear antigen to quantif the proliferating cell
with some foci of intensely fraction in hyperplasia (H), dysplastia (D) and carcinoma (Q. e, Incidence of lung metastases per mouse at 24-30 weeks
staining tumor cells, whereas of age, when mammary tumor burden necessitated Idling of the mice expressing MgatS.
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Fig. 5 Mammary fat pads and tumors. "-, Whole mounts of mammary a ;-1 -

fat pads without palpable tumor at 19 weeks (a and b) and histological sec-
tions of tumors at 26 weeks stained with hematoxylin and eosin (c and d)
from MgatS•" (left column) and Mgat5*1' (right column) mice. e, LocZactiv-
ity in mammary fat pads with low to high (left to right) tumor burden in
PyMT MgotS5" mice. f and g, PyMT Mgot.- tumors, one with low LocZ ac-
tivity (0 and a fast-growing PyMT Mgat5"4" tumor (g). d, dysplasia and hy-
perplasia; c, carcinoma; n, mammary fat pad. CP
edges, with fine radial actin fibers extending into the cells (Fig.
6a and b). PyMT activates c-Src kinase, which phosphorylates
paxillin, allowing its recruitment into focal adhesions found at
the ruffling edges in PyMT MgatS"- tumor cells. Paxlllin in focal x
adhesion complexes is a docking protein for other signaling pro-
teins, including FAK, Csk, c-Src and P13 kinasee. Membrane ruf- e
fling and filapodia formation requires P13 kinase activation 32,
which is also a direct target of PyMT oncogenesis. Indeed, inhi- \Z.
bition of P13 kinase with wortmannin decreased membrane ruf- -.

fling in PyMT Mgat5" cells and increased actin stress fibers, n C

2 creating a morphology similar to that of PyMT Mgat5"-1 cells (Fig.
a 6c). To measure actin filament turnover, we treated cells with la-
j trunculln-A, a compound that binds actin monomers and ren-
2 ders them incompetent for filament formatione. The loss of

yM rhodamine-phalloidin-staining filaments was more rapid inSPyMT Mgat5*I- tainPyMT Mgat5-'L- tuo elindicating a

slower turnover of focal adhesions in cells with the latter geno-
type (Fig. 6g).

D3-phosphoinosotides produced by P13 kinase stimulate PyMT-transgenic mice of all Mgats genotypes. The fraction of
. phosphorylation and activation of PKB. The amounts of PIG apoptotic tumor cells was small and similr in all genotypes.
* protein and phosphorylated P13 were decreased in PyMT However, the proportion of proliferating cells in hyperplasia,

g MgatS-'- tumors, whereas amounts of phosphorylated mitogen- dysplasla and carcinoma was less in PyMT MgatS-4 mice than in
Sactivated protein (MAP) kinase were not different (Fig. 6h). The similar tissues in mice expressing Mgat5. Tumor diameters and

amounts of phosphorylated PKB as well as membrane ruffling weights at the end of the experiment showed decrease of about

were restored in PyMT MgatS 4. tumors with the fast-growth phe- 500% in tumor burden in the PyMT MgatS"4 " mice compared with
notype (Fig. 6h, far right lane). However, the tumor cell popula- that in the mice expressing Mgat5. Similar delays in tumor ap-

Stion was heterogenous for the membrane ruffling phenotype pearance have been seen in PyMT-twagenic mice on a Grb2"*"
Z (Fig. 6d). genetic background (an adapter protein in the Ras pathway")

The Mgat5-null mutation also affected focal adhesions In the and also on an Ets-2*t- background (a transcription factor down-
Sabsence of an oncogene. Mgat5S- fibroblasts spread extensively stream of Ras; ref. 35). However, the decrease in tumor growth

and pseudopodia showed fine actin microfilament, whereas rates was more substantial here. The incidence of lung metas-
there were cortical stress fibers characteristic of non-motile cells tases was also considerably decreased, approximately 5% in
in MgatS-' cells (Fig. 6e and P). The amount of phosphorylated Mgat5-deflcient mice. Suppression of tumor growth and metas-
PKB was also decreased, but amounts of phosphorylated MAP ki- tasIs has been reported for somatic tumor cell mutants lacking
nase were similar in fibroblasts expressing Mgat5 (Fig. 6h). The MgatS transplanted into syngenic mice"0 .This indicates that de-
addition of serum induced rapid phosphorylation of MAP kinase creased tumor growth in PyMT Mgat5'" mice is likely a tumor-
and PKB, indicating that signaling potential was similar in mu- cell-autonomous phenotype rather than being host-mediated,
tant and wild-type cells. Therefore, the intrinsic defect in and prompted further examination of the PyMT tumor cells.
Mgats5 cells seems to be an inability to accelerate focal adhesion The amounts of phosphorylated PKB were decreased in PyMT
turnover and signaling through P13 kinase/PKB as required for Mgat5"- tumor cells, whereas phosphorylated MAP kinase
full transformation by PyMT. amounts were unaffected, indicating that PyMT-dependent P13

kinase and PKB activation is blocked by the Mgat5s- mutation.
Discussion The PyMT protein is tyrosine-phosphorylated at Y315/Y322, cre-
Here, we have shown that Mgat5 products are not required for ating binding sites for p85, the regulatory subunit of P13 kinase'.
embryonic development, but when expressed in cancer cells, The Asn-Pro-Thr-Tyr motif at position 250 is also phosphory-
they contribute directly to tumor growth and metastasis. Using lated, creating a binding site for the phosphotyrosine-binding
the PyMT transgenic model of breast cancer, we examined early domain of Src homology 2 domain-containing (Shc) protein"*.
events in tumor formation as well as metastasis and secondary Mutations in either domain of PyMT compromise Its transform-
events associated with tumor progression. The initial appearance ing activitye, creating a growth delay similar to that in PyMT
of tumors was delayed in PyMT MgatS54- mice compared with MgatS-- mice. Integrin-mediated cell motility and invasion by
that in either Mgat5*1- or Mgat5"•÷ PyMT-trangenic mice. Tumor mammary epithelial cells in culture depend on activation of P13
initiation occurred efficiently, as indicated by multi-focal tumor kinase, which acts downstream of Rac and Cdc42 GTPases36. P13
formation and involvement of 10 of 10 mammary fat pads in kinase increases the amounts of D-3 phosphoinositide, which is
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required for PKB activation, actin microfflament re-organization, Adhesion receptors are highly engaged and turnover is slow in
membrane ruffling, and cell motility27. Here, PyMT Mgat, 4" quiescent substratum-attached cells. Cell motility requires a de-
tumor cells on fibronectin-coated plastic were deficient in mem- crease in the proportion of stable receptor complexes to allow
brane ruffling, actin was organized as stress fibers and turnover greater focal adhesion turnover. PyMT oncogenesis induces
was slower. The ax and P chains of Integrin receptors each have Mgat5 gene expression and increases Mgat5 glycan products,
multiple N-glycosylation sites, and MGATS products are present which In turn stimulate focal adhesion turnover and tumor cell
at a fraction of the glycosylation sites on act fibronectin recep- growth. Thus, MgatS glycan products seem to be potent down-
tor' 7.11. Overexpression of MGAT5 in epithelial cells enhanced stream effectors of PyMT dependent oncogenesis. The role of
cell motility and increased MGAT5 products on ap., indicating MAGT5 products in normal physiological process Is less appar-
that enzyme activity is not saturating in epithelial cells before ent, but our observations of the MgatSý" mouse indicate they
transformation2 4 . Therefore, integrins may be essential target may regulate cell interactions affecting leukocyte migration, cell
glycoproteins modified by MGAT5 products to effect the in- interactions with basement membranes in kidney glomerull, and
crease in focal adhesion turnover, cell migration and tumor T-cell-receptor responses to antigens.
growth. Our findings indicate that inhibitors of MGATS may be useful

Our results show that in the absence of MgatS products, in the treatment of cancer by targeting their dependency on
PyMT-induced activation of P13 klnase and PKB is not sufficient focal adhesion signaling for proliferation. Indeed, swainsonine,
for optimal tumor growth and metastasis. Furthermore, addi- a competitive inhibitor of Golgi P-mannosidase II, has anti-can-
tional genetic or epigenetic event(s) in the tumor cells enabled 5 cer activity in mice'". This compound partially blocks Mgat5
of 140 PyMT MgatS-"- tumors to overcome growth suppression, products by diverting the biosynthesis pathway upstream of

E This was accompanied by increased PKB activation and active Mgat5 enzyme. In a phase I clinical trial of cancer patients,
membrane ruffling. Similarly, secondary events restoring tumor swainsonine treatment produced responses with mild side ef-

* growth have been found in mice with a mutant PyMT transgene fects4. However, an MGAT5 inhibitor may provide a more-corn-
Sdeficient in PSS/P13 kinase binding. Tumors in these mice ex- plete and specific block of the MGAT5 products. Our study
c press more c-ErbB2 and c-ErbB3 receptors, which may compen-

sate for the loss of PyMT activity27.These results indicate that the a
Sdependence on MGATS products for tumor growth may be di-

Sminished with secondary mutations that amplify oncogene sig-
• nals downstream of focal-adhesions, and might include

increased activity of gene products such as c-Src, P13 kinase, PKI
or loss of phosphatase and tensin homolog.

* , LacZ expression from the MgatS targeted locus was greater in
Stumors than in normal mammary fat pads, indicating that the
9 PyMT oncogene is a positive regulator of the Mgat5 promoter.
C- Furthermore, LacZ expression was increased in the fast-growing
I MgatS*" tumors that overcame growth suppression. Lac.Z expres-
Ssion was considerably higher in PyMT Mgat5" tumors than in
Z PyMT Mgat5'-- tumors, indicating that MgatS products also posi-
I tively regulate MgatS transcription.
0 The precise location of the MGATS products on specific glyco-

protein(s) and their role in regulating tumor growth and metas-
tasis remains to be determined. However, MGATS products on
adhesion receptors may create sterlc hindrance that destabilizes f
agonist-dependent dusters in the plane of the membrane.

Fig. 6 Suppression of membrane ruffling, actin filament turnover and PK8
phosphoprotein in PyMT Mgot5'- tumor cells. a-f, Cells were plated on
glass cover slips coated with fibronectin, fixed and stained with the nuclear
stain Hoechst322, actin-specific rhodamine-phalloidin and FITC-conju-
gated antibody against paxillin. a and b, Paxillin (green) is present at the
ends of microfilaments (red) in focal adhesions of Mgat5- (a) but not
Mgot5" (b) fibroblasts. c, PyMT Mgat5• tumors on fibronectin treated with
100 nM wortmannin for 18 h. d, PyMT Mgo.t"• tumor cell from a fast- gh 4- -- Fast
growing tumor (representative of 5 of 140 tumors) that escaped MgatS"-*

growth suppression. e and f, Embryonic fibroblasts. AMgat5" cells spread - + I-P:
more extensively, therefore the nucleus in e is out of view to the left
g, Actin microfilament decay in the presence of 0.5 jaM latrunculin-A, deter- T$i2-5,i
mined by the fraction of cells staining with rhodamine-phalloidin. h, Mouse + Tin -2 rmin MAPK-P.
tumors were homogenized and detergent extracts were separated by Time (mrin) o 5 10 0 s 10
SDS-PAGE and assessed by western blot analysis with antibodies against 6M P r
phosphorylated MAP kinase (Thr202/Tyr204) and PKB and phosphorylated
PKB. Fast, fast-growing tumor. Below, The procedure was repeated with III i
primary embryonic fibroblasts growth-arrested in serum-free medium and £ " 2 W
re-stimulated with serum for 5 and 10 min. lime afterlatrunculln-A (mlin) 44- 4-

310 NATURE MEDICINE * VOLUME 6 * NUMBER 3 * MARCH 2000



0 2000 NtrAeiaInc. * ARTICLESin~rtue~o

shows that suppression of MgatS activity is not toxic, and sheds 0.296 Nonidet P.40 in phosphate-buffered saline and stained with rhio-
light on the molecular mechanlism of tumor growth suppression, damine-hailoidin, 1:-50 dilution of antibodies against paxillin (Transduction
as well as the possibilities of acquired resistance to MgatS inhibi- Laboratories, Lexington, Kentucky), and Hoechst 33258 stain according to
tio in tu os the manufacturer's instructions. Fluorescence images of the cells were ob-

tained using a cleconvolution microscope and digital capture of data.
MethodsLatrunculin-A, an actin monomer-binding drug that renders the monomers
Methodsincompetent for filament formation, was added to cells at a concentration of

Mutation of the MgQat.5 gene. A genomic: library from strain 1291wv mice 0.5 ja1M, and the percentage of cells with actin miraofilaments was deter-
was screened with a Mgai5 cDNA probe. Al 3.5-kb genomic clone contain- mined by staining with rhodamlne.-phalloldin.
ing the 205-nucleotide 5' untranslated region and 241 nucleotidles span-
ning the first coding exon was used to construct the MgatS targeting Ackncnsedgnients
vector. The Mgat5 targeting vector was constructed with lac2 replacing the The out hors thank C. Warren, S. Kulkamni and P. Cheung for suggestions. This
coding region of the first exon. The targeting vector was linearized by di-
gestion with Natl and electroporated into R1 ES cells, and transfected cells research was supported by grants from Notional Cancer Institute of Canada,

wereselcte in he resnceof G41 an ganydoir s dscried~. D-JA the Mizutani Foundation, the National Science and Engineering Research
from drug-resistanit colonies was drigested with Pstl and screened for ho- Council of Canada, and Glycooesign (Toronto, Canada). W.I.M. is supported
mologous recombination by Southern blot analysis using a 1.7-kbo Pstl-XbaI by a Medical Research Council Scientist Award.
genomnic: fragment external to the targeting vector. Two Mgat5'1 ES cell
lines were aggregated with blastocysts from CD-i mice and implanted into RECEIVED 20 SEPTEMBER; ACCEPTED 29 DECEMBER 1999
pseudo-pregnant CD-i females. The resultant chimeras were mated with
129/sv females. Heterozygous progeny were intercrossed to generate 1. Yamashita, K., Ohkura, T., Taclhlbana, Y., Takasakl, S. & Kobata, A. Comnparative
MlgatS-1 mice, and experiments were done on the 1 29/sv background. For study of the oflgosaccharldes released from baby harmster kidney cells and their

polyoma transformnant by hydrazinolysts. 1. Blot Own. 259,10834.-1 OW4 (1 984).
E histology, mice were perfused with 1096 phosphate-buffered formalin in 2. Plerce. M. & Arango, 1. Rout sarcoma '4inus-transfcirned baby hamster kidney cells

0 vtvo and tissues were embedded in paraffin, sectioned, and stained with express higher levels of asparugine-Einked tri- and tetniantennary glycopeptildes
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UDP-N-acetylglucosamine:ao-6--mannoside 1-1,6-N- quence-unrelated GIcNAc-T enzymes that create branches in
acetylglucosaminyltransferase V (GlcNAc-TV) is a regu- complex-type N-glycans (1). These branches can be further
lator of polylactosamine-containing N-glycans and is elongated by galactosyltransferase and other enzymes to create
causally involved in T cell regulation and tumor metas- the mature glycoprotein oligosaccharides. The GlcNAc&1,6
tasis. The Caenorhabditis elegans genome contains a branch resulting from GlcNAc-TV action is distinct in that it is
single orthologous gene, gly-2, that is transcribed and the preferred site for elongation with polylactosamine chains,
encodes a 669-residue type H membrane protein that is repeating lactosamine units that themselves can be further
36.7% identical to mammalian GlcNAc-TV (Sfgat-5). Re- branched and carry a variety of terminal structures. Glc-
eombinant GLY-2 possessed GIcNAc-TV activity when NAc-TV is thus a potential regulator of polylactosamine con-
assayed in vitro, and protein truncations demonstrated taining N-glycan chains on target glycoproteins. GlcNAc-TV is
that the N-terminal boundary of the catalytic domain is also distinct from the other N-acetylglucosaminyltransferases
Ile.138. gly-2 complemented the Phaseolus vulgaris leu- in that it has a specific temporal and spatial expression patterncoagglutinin binding defect of Chinese hamster ovary in the developing mouse embryo. Expression is concentrated in
Lee4 cells, whereas GLY-2(LI16R), an equivalent muta-
tion to that which causes the Lec4A phenotype, could neuronal tissues, specialized epithelium, and regions with stem

not. We conclude that the worm gene is functionally cell-like populations. Zygotic expression increases at about 9.5
interchangeable with the mammalian form. GIcNAc-TV days post coitus, which coincides with the onset of organogen-
activity was detected in wild-type animals but not those esis (2).
homozygous for a deletion allele of gly-2. Activity was Mice deficient in GIcNAc-TV activity through mutation of the
restored in mutant animals by an extrachromosomal Mgat-5 locus are viable but develop glomerulonephritis with
array that encompassed the gly-2 gene. Green fluores- age, which is associated with T cell hypersensitivity, appar-
cent protein reporter transgenes driven by the gly-2 pro- ently as a result of altered activation kinetics of the T cell
moter were expressed by developing embryos from the receptor complex (3). When the Mgat-5* allele is combined with
late comma stage onward, present in a complex subset of a mouse mammary tumor virus-promoted Polyomavirus mid-
neurons in larvae and, in addition, the spermathecal dIe T antigen transgene, multifocal tumorigenesis is delayed,
and pharyngeal-intestinal valves and certain vulval and metastasis caused by the Polyornavirus middle T antigen is
cells of adults. However, no overt phenotypes were ob- dramatically suppressed (4). This result is consistent with prior
served in animals homozygous for deletion alleles of observations that tumor cell lines selected by resistance to the
gly-2. cytotoxic lectin Phaseolus vulgaris leucoagglutinin (L-PHA) de-

ficient in GIcNAc-TV also failed to metastasize in syngeneic

mice (5).
UDP-N-acetylglucosamine:a-6-D-mannoside 0-1,6-N-acetyl- Although the Mgat-5' mouse is highly informative, system-

glucosaminyltransferase V (GlcNAc-TV)1 is one of a set of s, atic analysis of a complex viable phenotype remains difficult,
particularly the identification of the dependent molecules and

This work was funded by a grant from the National Cancer Isti- pathways. We therefore sought a simpler model organism in
tute'of Canada. The costs of publication of this article were defrayed in which synthetic genetics could be carried out rapidly to char-
part by the payment of page charges. This article must therefore be acterize the complex pleiotropic phenotypes expected from dis-
hereby marked `advertisement" in accordance with 18 U.S.C. Section ruption of the glycosylation machinery. Because of the cellular
1734 solely to indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted non-autonomy typical of glycosylation phenotypes and of the
to the GenBankf IEBI Data Bank with accession number(s) AF154122 phylogenetic restriction of complex-type N-glycans to metazo-
(gly-2), AY037800 (cm20c4), and AY037802 (yk126hS). Appropriate ans, a whole animal model is necessary. Caenorhabditis el-
data have also been contributed to ACeDB. egans is the simplest and most highly characterized animal, its

1 Present address: Dept. of Developmental Biology and Genetics, alanatomy and ment ineag ha vecbeen am -
Stanford University, Palo Alto, CA 94305. adult anatomy and developmental lineage have been com-

N To whom correspondence should be addressed: Samuel Lunenfeld pletely determined (6, 7), and its genome is essentially com-
Research Inst., Mount Sinai Hospital, 600 University Ave., Toronto, pletely sequenced (8). C. elegans is highly tractable to experi-
Ontario M5G 2X5, Canada. Tel.: 416-586-8233; Fax: 416-586-8857; mental phenotypic and genetic analysis, and there are
E-mail: dennis@mshri.onrca.

'The abbreviations used are: GIcNAc.TV, UDP-N-acetylglucosamine: numerous examples demonstrating that genetic pathways
a-6-D-mannoside $-1,6-N-acetylglucosaminyltransferase V; L-PfA, P. found in mammals are also conserved in this nematode (9-13).
vudgaris leucoaggiutinin EST, expressed sequence tag; FACS, fluores-
cence-activated cell analysis; FITC, fluoresceln isothiocyanate; PBSE,
PBS with 0.1% vvlv EDTA; PBSFN, PBS with 1% v/v fetal bovine serum pane-1,3-diol; MES, 2-(N-Morpholino)ethanesulfonic acid; CHO, Chi-
and 0.1% w/v NaNs; 5' RACE, rapid amplification of 5' cDNA ends; SLI, nese hamster ovary-, GFP, green fluorescent protein; TBS, Tris-buffered
splice leader type 1; SL2, splice leader type 2; TMD, oans-membrane saline; TBSTM, TBS with 0.1% v/v Tween 20 (TBST) and 5% skimmed
domain; BisTris, 2-[bis(2-hydroxyethyl)aminol-2-(hydroxymethyl)pro- milk; MOPS, 3-(N-morpholino)propanesulfonic acid.
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22830 Ce-gly-2 Is GlcNAc-TV

Surveys of the C.- elegans genome sequence revealed a coding into the BamHI site of pISTH1. iUgation junctions, frame, and orien-

potential for most known glycosyltransferase genes (14). Genes tation were checked by DNA sequencing. A yk5'rc2 and SLI-primed

encoding active polypeptide GaINAc-transferases (15), Glc- TaqDNA polymerase PCR product of the RACE amplimer was sub-
cloned into EcoRV cut and T-tailed pGEM5zf(+) (Promega) forming

NAc-TI (16), and a fucosyltransferase (17) have been charac- pYS. pCDNA3:.yk126h8(+) was created by subeloning the PvuII-SmaI
terized. In addition, there are at least three sqv genes that are fragment of yk126h8 into EcoRV cut pCDNA3 (Invitrogen). An expres-
elements of a proteoglycan glycosylation pathway that when sion construct for mature SL1 trans-spliced cDNA (pCSYK-1) was con-
mutated cause severe and pleiotropic defects (18-21). A recent structed by combining the SpeI-NarI fragment of pYS with the NarI-

NMR-mass spectrometry study identified the abundant N- and NotI fragment of pCDNA3: 7k126h8(+) in SpeI-NotI-cut pZErO-2, the
O-glycans in C. elegans (22). The canonical oligomannose series BamHI-NotI fragment of which was subcloned into pCDNA3. The am-

plified region and ligation junctions were checked by DNA sequencing.
of N-glycans were observed, but atypical O-glycans were found The GLY-2(116R) mutation was introduced into pCSYK-1 by mu-
where polypeptide linked GaINAc was P1-6-branched as in tagenesis directed by primer GLY2-L116R using the Chameleon kit
mammals but substituted with glucose or galactose rather than according to the manufacturer's instructions (Stratagene). The com-
GlcNAc. We characterized the 6 homologues of core 2 GIcNAc-T plete transcriptional unit of the resulting construct, pCSYK-L116R,
(23) and demonstrated that gly-1 transfers glucose from UDP- was sequenced. pEGFP-GLY2 was constructed by subcloning the ykR2f-

glucose to core 1 acceptor consistent with the inference based yk*6,or product generated by PCR amplification with Pfu DNA polym-
erase from yk126h8 template into the BamHI site of pEGFP-C3 (CLON-

on the structural analysis (24). TECH). The insert and ligation junctions were completely sequenced
We observed that the C. elegans genome encodes a single and found to be in-frame and error-free. pEGFP-L116R was derived by

gene, designated gly-2, which is homologous to mammalian replacing the BstXI-EcoRV fragment with the equivalent section of
GlcNAc-TV sequences. In this paper, we establish that the pCSYK-L116RtogeneratepEGFP-L116R. The introduced segment was
nematode orthologue is functionally equivalent to that from confirmed by sequencing.

mammals and that C. elegans is an appropriate model in which Transient Expression and Secretion of GLY-2 in Lec4 Cells-3 x 101
Lec4 cells (ATCC) were plated in each well of 6-well tissue culture

to pursue investigations of the contributions to fitness made by clusters (Costar). The following morning, 1 ;Lg of DNA (QIAgen) of
X6-GlcNAc-branched N-glycans. pISTH1-based truncation constructs were transfected at 37 0C in a

humidified 5% CO2 atmosphere for 5-6 h using 8 0l of LipofectAMINE
EXPERIMENTAL PROCEDURES (Invitrogen) in 1 ml of OptiMEM-I (Invitrogen)Iwell. One ml of a-min-

Strains and Materials-Primer sequences (ACGT Corp.) are avail- imal essential medium containing 20% fetal bovine serum was added to
able on request. The wild-type Bristol strain of C. elegans (N2) (25) and the wells, and the clusters were transferred to a humidified 5% CO2
him-5(e1490) were available as laboratory stocks. CB1282 dpy- atmosphere at 30 °C overnight. The following day, well contents were
20(e1282) V, DR466 him-5(e1490) V, and DR435 dpy-5(e61) unc- aspirated and replaced with 2 ml of a-minimal essential medium con-
13(e51) I were supplied by T. Stiernagle (C. elegans Genetics Center, taining 10% fetal bovine serum, and incubation was continued until
University of Minnesota). BC1O7 bli-4(e937), dpy-14(e188)Iwas the gift 78 h post-transfection. Conditioned medium was clarified by centrifa-
of Dr. D. Baillie (Simon Fraser University, Vancouver, Canada). Stand- gation at 1800 x g for 10 min and stored at 4 °C after the addition of
ard husbandry methods were used (7, 26). Cosmid C55B7 was obtained sodium azide to 0.05% w/v.
from Dr. A. Coulson (Sanger Centre, Cambridge, UK). pPD95.77 and Immunopurification of Recombinant Proteins-Recombinant pro-
pPD95.69 were from Dr. A- Fire (Carnegie Institute of Washington), teins directed by pISTH 1-based plasmids bear an N-terminal S-tag that
pMH#6 was obtained from Dr. M. Han (University of Colorado), pRF4 was assayed according to the manufacturer's instructions in condi-
originated in the laboratory of Dr. J. Kramer (Northwestern University tioned media from the transient transfections (Novagen). 1.25 pmol of
Medical School), and pIMKF1 was the gift of Dr. F. Hagen (University recombinant protein in conditioned medium was immunoprecipitated
of Rochester Medical School). pCMVCD20 was obtained from Dr. E. and diluted into 1 ml of dilution buffer (10 mm Tris-HCl, pH 8.0,150 mu
Harlow (Massachusetts General Hospital Cancer Center), and Dr. P. NaCI, 0.025% w/v NaNs, 0.1% v/v Triton X-100, 0.1% w/v bovine serum
Stanley provided pLec4 and pCHO-K1 (Albert Einstein College of Med- albumin). Aliquots were preadsorbed with 35 0 of a 50% 0v/v slurry of
icine). The C. elegans EST cm2Oc4 (GB:M89265) was provided by Dr L. goat anti-rabbit IgG polyclonal antibody-agarose (Sigma) overnight at
Hillier (Washington University Genome Sequencing Center),. and 4 °C then centrifuged briefly before supernatants were transferred to
yk126h8 (GB:D64875/D68132) was obtained from Dr. Y. Kohara (Na- fresh tubes. 1 Mg of rabbit polyclonal anti-S-tag antibody and a fresh
tional Institute of Genetics, Mishima, Japan). The GIcNAc-TV acceptor, aliquot of anti-rabbit IgG polyclonal antibody-agarose were added for
OGlcNAc(1,2)aMan(1,6)gGlc-O(CH 2)TCHs, was a gift from Glycodesign 2 h at 4 °C before the beads were pelleted by centrifugation at 3000 rpm
Inc. for 10 s in a microcentrifuge. Beads were washed 3 times with 1-ml

Molecular Biology Procedures-Unless otherwise noted, standard aliquots of dilution buffer before 3 more washes with 100 mM MES, pH
molecular biology techniques were employed (27). 6.5, 0.1% v/v Triton X-100, 100 gg/ml bovine serum albumin. A final

5' RACE-Poly(A)÷ RNA was isolated from mixed populations of C. aspiration of supernatant left the beads as a 50% slurry in a total
elegans using a QuickPrep Micro mRNA purification kit (Pharmacia). volume of 35 pl, which was used for assay of GIcNAc-TV enzyme
The 5' RACE system (Invitrogen) was used according to the manufac- activity.
turer's instructions. First strand cDNA synthesis was primed with Assay of GtcNAc.TV Enzyme Activity-Enzyme activity was meas-
yks'rcO. First round PCR using AmpliTaq Gold (PerkinElmer Life ured using synthetic specific acceptors (28). Assays contained 1 mm
Sciences) was primed with yk5'rcl. The second round PCR used Pfu pGlcNAc(1,2)aMan(1,6)pGlc-O(CH 2)7 CH2 acceptor, 1 mmd [6- 3HIUDP-
DNA polymerase (CLONTECH) and yk5'rc2 as the gene-specific GlcNAc (44,400 dpm/nmol) in 50 mIe MES, pH 6.5, in total volumes
primer. Amplimer was sequenced directly and subcloned into the between 30 and 100 pl. Enzyme sources were nematode microsomal
EcoRV site of pZErO-2 (Invitrogen). Independent recombinants were membranes, cell lysates, conditioned media either directly or dialysates
analyzed by colony PCR using SLI, SL2, or RACE anchor and yk5'rc2 against 10 mm MES, pH 6.0, or immunoprecipitates. Assays using
primers. microsomal membranes contained 2 mm acceptor and donor, both,

Northern Analysis-Non-starved mixed stage animals from Bristol which was 10' dpmlnmol. In addition these samples contained 5 mm
N2 and him-5(e1490) strains were used to prepare poly(A)÷ RNA using adenosine 5'-monophosphate and 500 yM 2-acetamido-1,2-
a Dynabeads kit (Dynal A. S.) after disruption in a Polytron (Kine- dideoxynojirimycin (Toronto Research Chemicals). After 3 h at the
matica). -1 pg of mRNA was fractionated, blotted, probed with the appropriate incubation temperature, I ml of ice-cold water was added to
a-'sP-labeled SalIlSmaI fragment of yk126h8, and analyzed with a stop further reaction, and assays were either frozen or processed im-
PhosphorImager (Storm/ImageQuant, Molecular Dynamics). mediately. Enzyme products were separated from radioactive sub-

Construction of Mammalian Expression Vectors-pISTH1 was con- strates by binding them to 50 mg of C,8 cartridges (Alltech) precondi-
structed from pIMKF1 (15) by replacing the NdeI-BamHI segment tioned with methanol rinsing and water washing. Reactions were
upstream of the cloning site with an NdeI-BgIII fragment from loaded, and the columns were washed 5 times with 1 ml of water.
pCITE4b(+) (Novagen). N-terminal truncations of GLY-2 were gener- Radiolabeled products were eluted directly into scintillation vials with
ated by PCR from yk126h8 as template using Pfu DNA polymerase 2 separately applied 0.5-ml aliquots of methanol, and the radioactivity
primed byyk*6,or and one of ykl2f, gly2-A133, gly2-A137, or gly2-A138, was determined by liquid scintillation counting.
Amplimers were subcloned into the EcoRV site of pZErO-2 (Invitrogen) Fiuorescence Analysis of Lec4 Cells Transfected with gly-2-Tran-
and sequenced. BamHI fragments of error-free subelones were ligated sient transfections were performed essentially as above except that
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Lec4 or CHO-K1 cells were plated at 106 cells on 6-cm tissue culture was accomplished using the position and morphology of the expressing
dishes (Falcon) that were cotransfected with 0.5 gg of pCMVCD20 (29) cells, the number and position of their nuclei, and by comparison to
and 2.5 gg of pLec4, pCHO-KI, pCSYK-1, or pCSYK-L116R DNA using anatomical landmarks visualized by differential interference contrast
18 p] of LipofectAMINE in 3 ml of OptiMEM-I. At 71 h post-transfec- microscopy.
tion, the media were aspirated, and the plates were rinsed with ice-cold Mutageneswi-Thegly-2 alleles, ev581, and qa 700 were generated by
PBS followed by ice-cold PBS, 0.1% w/v EDTA (PBSE). Cells were Tcl-mediated mutagenesis with minor modifications (31). qa703 was
dissociated from the dish by incubation in 0.5 ml of PBSE for 10 min at isolated from ethylmethanesulfonate-induced deletion libraries using
room temperature before triturating with 4.5 ml of PBS, 1% v/v fetal minor variances from published procedures (32). Tcl mutagenesis relies
bovine serum, 0.1% w/v NaNs (PBSFN). Aliquots of 1.2 × 106 trans- on transposon mobilization, so the founding strain contains mut-2 al-
fected cells were transferred to 6-mi polypropylene tubes (Falcon) on Ieles. Animals bearing qa700 were therefore crossed eight times with
ice, filled with PBSFN, and centrifuged at 500 x g for 5 min at 4 0C, and N2 before out-crossing with BC107 and recombination of the dpy-14
the supernatants were decanted. FITC-conjugated L,-PHA (Sigma) was locus with gly-2 to break the chromosome between gly-2 and mrut-2. This
preadsorbed against Lec4 cells by incubating 40 pg of FITC-L-PHA with strain was then further out-crossed an additional 4 times with N2 to
4 x 10' untransfected Lec4 cells (harvested using PBSE) in a total remove the dpy-14 allele and create strain XA728 gly-2(qa700**14) I.
volume of 800 pd of PBSFN for 15 min on ice, then clarified. Lec4- qa703-bearing animals were crossed three times with N2 then with
absorbed FITC-L-PHA (0.5 Mg) and 10 p] of phycoerythrin-conjugated DR435 to recombine the mutagenized chromosome with wild-type ma-
monoclonal anti-CD20 (BD PharMingen) were added to each sample, terial either side of gly-2. dpy-5(e61), gly-2(qa703), and unc-13(e5l) I
and the cells were resuspended. After a 30-min incubation on ice, tubes animals were derived and subsequently crossed another 5 times with
were filled with PBSFN and centrifuged at 500 x g for 5 min at 4 OC, N2 to remove the markers and generate strain XA762 gly-2(qa7O3"1O)
and the supernatants were decanted. Washes were repeated twice more I. Both alleles were mapped by recombination frequencies with dpy-5
before a final resuspension in 1 ml of PBSFN. FACS was carried out on and unc-13 using PCR to score for the presence of the qa700 or qa703
a FACStar (BD PharMingen). Live single cells were selected based on a anleles. The d eto bore f the prese re charaterized0b
forward and side scattering gates, and data acquisition and analysis alleles. The deletion boundaries of the alleles were characterized by
used the CellQuest package. Transfected cells were gated based on the sequencing DNA that had been PCR-amplified from genomic DNA

phycoerythrin anti-CD20 fluorescence, and the FITC i.-PHA staining of using primers that encompassed the deletions.

at least 10' transfected live single cells was measured for each sample. Genetic Mapping ofgly-2--DR435 hermaphrodites were mated with
3 MLg of pEGFP-C3, pEGFP-GLY2, or pEGFP-L16R were transfected XA728 males, and cross-progeny hermaphrodites were picked and al-
into Lec4 or CHO-Ki similarly. After harvesting, cells were stained lowed to segregate F2. Animals carrying chromosomes that had recom-
with 2 gg of biotinylated L-PHA (Sigma), washed four times with bined between the dpy-5 and unc-13 loci were genotyped by single-
PBSFN, then developed with 1 jg of streptavidin-CyChrome (BD worm PCR (26) using primer sets that specifically detected wild-type
PharMingen). After 3 washes with PBSFN, CyChrome staining of 2 x and deletion alleles to determine the frequency of recombination be-
10' transfected GFP* cells was measured for each sample. The remain- tween gly-2 and both marker loci, dpy-5 and unc-13. Of 26 Dpy non-Unc
ing cells after analysis were immediately washed twice in PBS before chromosomes, 15 recombinations occurred in the dpy.5-gly-2 interval,
cell pellets were flash-frozen and stored at -70 0C. Cell pellets were and of 28 Unc non-Dpy chromosomes, 13 recombinations occurred be-
lysed in 50 mm MES, pH 6.5, 0.5% v/v Triton X-100, 10 mm EDTA tween gly-2 and unc-13.
containing IX Complete protease inhibitor mixture (Roche Molecular Construction of Precomplement.ation Lines-The 13,806-bp Xbal
Biochemicals). After 5 min on ice, lysates were clarified at 14,000 rpm fragment corresponding to bases 17,188-30,994 of cosmid C55B7 was
for 5 min in a microcentrifuge, and supernatants were transferred and subcloned into the XbaI site of pZErO-2 to create pResLng-9E, and the
assayed immediately for GlcNAc-TV activity, structure was verified by restriction digests. This genomic region en-

Western Analysis--Conditioned media from Lec4 cells that had been compassed all gly-2 sequences detected in transcripts as well as an
transiently transfected with pISTHi-based truncation constructs were additional 4248 bases upstream of the 5' limit of yk126h8 and 1281
subjected to SDS-PAGE, elecr-oblotted to polyvinylidene difluoride bases downstream of the site of polyadenylation. XA762 hermaphro-
(Waters), and blocked with TBS, 0.1% v/v Tween 20, 5% skimmed milk dites were transformed by gonad injection (30) of a mixture of
(TBSTM). Filters were washed with TBS, 0.1% v/v Tween 20 (TBST), pResLng-9E and pRF4, a plasmid containing a region of C. elegans
then incubated with 0.5 pgfml polyclonal rabbit anti-S-tag (CLON- genomic DNA carrying the ro/-6(sulO06) mutation that acts dominantly
TECH) at 4 'C overnight. The blot was washed again with TBST then by causing animals bearing the array to roll. Several independent
developed with 1:12,500 horseradish peroxidase-conjugated donkey an- rolling lines were established, and the percentage of rolling self-progeny
ti-rabbit Ig (Amersham Biosciences) in TBST for 2 h at room tempera- from each was characterized. GIcNAc-TV activity was assayed using
ture before extensive washes with TBST then TBS and visualization of microsomal membranes prepared from 2 such lines, XA766 gly-2(qa703)
the signal by ECL (Amersham Biosciences), recorded using X-Omat I; qaEx743[gly-2(+), rol-6(sulO06)] and XA768 gly-2(qa703) 1;
Blue XB-1 film (Eastman Kodak Co.). Clarified lysates prepared from qaEx745fgly-2(+), rol-6(sulO06)], both of which transmitted the array
samples that had been subjected to FACS analysis and GleNAc-TV to 30-50% of their progeny.
assay were separated by electrophoresis in a MOPS buffer system on Microsomal Membrane Preparation--Cultures were established by
4-12% BisTris NuPage gels (Novex) then electroblotted as above. After picking 50 rolling L4 hermaphrodites (or 20 animals from non-trans-
methanol washing and air-drying, filters were incubated with 1:5000 genic lines) to each of 5 100-mm diameter complete nematode growth
monoclonal anti-GFP (CLONTECH) in TBSTM for 30 min at room medium plates that were then grown at room temperature until the
temperature. After 5 rinses in TBS, the blot was developed with 1:2000 Anim clared the grown at Nematode we
horseradish peroxidase-conjugated sheep anti-mouse Ig (Amersham animals cleared the Escherichua coh OP50 lawn. Nematodes were
Biosciences) in TBSTM. After 5 rinses and a 15-min wash in TBS, rinsed from the plates in cold 100 m-m NaC1, washed twice, then floated
chemiluminescence signals (Supersignal, Pierce) were recorded, on sucrose (60% w&v). After 2 washes with 100 m-e NaCl, the pellet was

GFP.Reporter Transgenes-The 7461-bp NszI fragment of C55B7 was snap-frozen in an ethanol-dry ice bath and stored at -70 'C. Samples
subcloned into the PstI site of pPD95.69 and pPD95.77. A partial NarI were thawed by adding 1 ml of TSEC (20 mn Tris-HCI, 250 m.m sucrose,
digest was performed, and the overhangs were blunted (Kienow). A 1 mm EDTA, lx Complete'; Roche Molecular Biochemicals) then
Saina digestion was used to excise the intervening fragment, and the sonicated on ice 5 times using a 10-s pulse before dilution with a further
construct was reclosed. The ligation junctions were found to be correct 3 ml of TSEC. After centrifugal clarification for 10 rain at 3000 rpm at
after DNA sequencing. This procedure created an in-frame fusion be- 4 0C (Sorval RT6000), the supernatant was ultracentrifuged at 55,000
tween the Nawi site in codon 3 of GLY-2 and the GFP segment of the rpm for 1 h at 4 0C (Beckmnan LS-80 M with a 70.lTi rotor). The
vector, preceded by 6.7 kbp of upstream genomic DNA corresponding to microsomal pellet was suspended in a minimal volume of 100 mae MES,
bases 19,280 to 25,991 of 055B7. CB1282 hermaphrodites were trans- pH 6.5,2% v/v Triton X-100, 2X CompleteTM , 20 mae EDTA, the protein
formed by gonad injection (30) of a mixture of reporter construct and concentration was determined by BCA assay (Pierce) standardized with
pMH#6, a plasmid containing a region of C. edegans genomic DNA bovine serum albumin, then 386 pg of each preparation was subjected
capable of rescuing the dpy-20(e1282) mutation. Several non-Dpy F1 immediately to GlcNAc-TV assay.
progeny were selected for each reporter construct, transgenic lines were
established from them, and epifluorescence microscopy was performed RESULTS
using a Leica DMR photomicroscope. The inheritance of extra-chromo-
somal arrays is mosaic, and the fine structure of the array in each strain The gly-2 Gene of C. elegans-TBLASTN queries of the Gen-
is different. Consequently, several individuals from each line were BankTm dBEST data base using rat GlcNAc-TV polypeptide
examined to compile consensus expression patterns. Cell identification (GB:AAA41665) revealed two homologous C. elegans ESTs,
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2:7 t-ACC ,-TG ?,Ac•7C ,,-TA7.7-T 369 FIG. 2. Northern analysis of poly(A)÷ RNA from C. elegans
97 R CYE7 1 D G S E CS R I Y L8 119 strains BristolN2 and CB1490 him-5(e1490) probed with the

367 -CC 406 Sanl-SmaI fragment of yk126hS. The data represent one of two
1 17 S V e R cY 9968H H C•0 L 9 A 23 , independent experiments. The arrows indicate migration positions of
677 9A'- - .,7-C7 669 size markers and the residual ribosomal RNAs in the preparations. The
137 K _X S V S I R R L. 9 P I E S Z P H r H .55

origins are marked by radioactive pencil lines at the top.
157 K T R I N R L. W K K W K Z G A F E 116

527 *,A" ,.=C,.T .... T 586 cm2Oc4 and yk126h8 (33),2 which were obtained and sequenced
177K 9Y PXS 9 : 9AAX VL IG 9

58, T•rcc~ CAM , ., ,(Fig. 1). A single reverse transcriptase-specific product after 5'
17 189 X ..... V X X X X 5 0 9 G G PL RACE was observed, and direct sequencing revealed a trans-
" 97 G2,,9Cr=-=,T.T=-, '.,ZT = 706 spliced SL1 sequence attached to position -14, where a splice

797 7T6 acceptor site occurs immediately upstream in the genomic se-
237 V STU ..... 7192:VV9 9G9P 279 quence. Comparison of the genomic andyk126h8 sequences
767 TC.AATýATGTC AATAA *•TTTC TCADC •'TtTAT&TCATTTTCACAATAkTTATGG B26

257 C Q Y V N W F R 0 0 L D I confirms an intron at this point. All 35 independent subclones

62 0of the RACE product that were tested for the presence of SL1
277 F H I L R 0 N4 H R 0 F L L S a A C R I R 296 and SL2 sequences by colony PCR and 5 that were sequenced287 GQ .CrGL~T ý , =, .""• . TJ:CT-Cl 946

2,7 L Z P T T A TN contained SLM. This transcript structure is concordant with the
37 K K S SFS-K XG- - -• D33 Northern analysis that indicated a single poly(A)' RNA species

1227 AT7CA77GC87 9£927779878829 9 1066 of -2.25 kb (Fig. 2). Comparison of the cDNA and genomic
337 L R Q H W T F Y P H S D D N T V L C F V 3S6 sequences indicates that the gene organization is typical, with
6- 152 10 exons of 82-589 bp separated by 44-882 bp of introns (Fig.

3 57 V D T r. G I D K K W N 0 ki I P S A L V Y 376 1 xn f8
112 ... 196 . 3A) (34). Notably, the majority of the exon boundaries in hu-
277 C V YX W R A A K PX V L X R 178 396 man and C. elegans genes occurs at equivalent residues, and in

11:7 7729797787C'ATrMrtAC67777777917795777A829799578A9675TC8 1249
397 V .VHS T V 5 W_, S-51 416 most cases, the phase is conserved too. We named the gene

1247.. . 8C8C977,777 7o9 gly-2 as a member of the GLYcosylation class. BLAST searches
417 T X 9 V * 7 M G F 7 N S E T I S 112 1 • •6 using the cDNAor deduced polypeptide sequences revealed

1277 ?T9ATATCACAATA777T7?9G9CTTCr7CCC9TG7199ACC097CG891 1365
437 1 17T I1 7LC P P L Z F A P L 9 A, 496 that the C. elegans genome contains a single homologous re-

5 249 gion, implying that gly-2 is the nematode orthologue of
SK• A 9 C A V P 1 . X K F X E P X . X L X( 476 GlcNAc-TV.

1427 ATTA 7 A1 T09 TTA78 1466

477 Y9 R LAV L ..... I X P T L R W 2 9 6 The conceptual translation of the open reading frame en-
1467 ,OMA92kNTC09579CC=979TCA7 78T77178829889959A79 1549 codes a 669-amino acid polypeptide that is 59.9% similar and

497 9 R I G 2 F H V I T V D X r N 1 L Z . 59.9S

1:47 )9jKTT7 G A9P 79v 9 T7299Z777777977929 1606 36.7% identical to rat GIcNAc-TV. When the sequence was
17 ...... X I . . . .KX IS K P F0F T 536 queried against GenBank' using BLAST, only mammalian

1607 C7MC9=7CAT92C7CTQ7V•79-79-8A98A-82£C¶9=.TAT 1666 GlcNAc-TV sequences were returned as significant hits. There
537 P X 0 M L H• R V X L L L- Z K 0 1 L C D K 556

1967 A&" 2776 are five potential N-linked glycosylation sites, but they are not
557 1 A Y SX A 2 D 0 W K 1 7 A T L N 57 conserved with the mammalian homologues. Hydropathy plots
5 A.. DD.SCE 1,,.SX-LLC PSY. 59 indicated that GLY-2 is a type II membrane protein with the

178,,7 ..r2CCCLX-AT+.ACTT=r,. M- 1649 secondary structural characteristics of Golgi glycosyltrans-
97 V 2 1 _ . .U ... S F L L,-• R R ENLCS TT66ferases (Fig. 4A). This plot reveals four distinct regions in

677 5 S S Y F A R FMC 7 1 Q Q ,S r 7367 GLY-2; a hydrophilic cytosolic tail precedes the putative TMD,
5l C A S P S 7X ý C P C I- X 65 whereas the lumenal part of the molecule consists of a consis-

1,997t 222• tently hydrophilic 112 residue stretch before an amphiphilic
2 I•7 Z , X A : C K K C . - 669 C-terminal portion. Consistent with this model, alignments

2027 -tcc9., t7t, 9 ..... 20....... 7 between GLY-2 and mammalian homologues showed increased

FIG. 1. The sequence of gly-2 cDNAs.A, 5'-untranslated region of conservation in the C-terminal portion of the molecule (Fig.
EST yk126h8 that is absent in the major gly-2 mRNA. B, cDNA se- 48). A conserved peptide (C" 0 -P"24) lies in the otherwise di-
quence and inferred polypeptide of mature gly-2 mRNA numbered
relative to the initiator residues. SLI is trans-spliced to nucleotide - 14. verged stem that encompasses a conserved leucine residue

The start of EST cm2Oc4 is also indicated. Initiator and stop codons are equivalent to that mutated in the GlcNAc-TV gene of Lec4A
shown in bold. The putative TMD is double-underlined. Potential N- cells (Fig. 3B) (35).
linked glycosylation sites are single-underlined. The consensus poly- GLY-2 Has GlcNAc-TV Enzymatic Activity-Based on the
adenylation signal is boxed. The run of eight adenines preceding the
poly(A) (A&) indicator is present in the genomic sequence. It is therefore
not clear where transcription terminates precisely. 2 Y. Kohara et al., manuscript in preparation.
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FIG. 3. Genomic structure and alignment detail of gly-2 with mammalian homologues. A, inferred genomic structure of gly-2 by
comparison of cDNA and genomic sequence (cosmid C55B7, GB-AC006625, top) and human GlcNAc-TV cDNA and genomic sequence (52),
GB:D17716 (53) and GB:S80050, bottom). Dashed lines indicate the alignment of the first amino acid of the C. elegans exons with the corresponding
aligned residue in the human sequence. The double-headed arrow shows the position of the mislocalization mutations, and the exon containing the
conserved stretch around this leucine is shaded light gray. The darker gray exons are those comprising the catalytic domains. The phase of each
intron is indicated by the digits 0, 1, or 2. Note that the intron scaling for the human sequence is different. Non-coding exons or portions are
unshaded. The regions deleted by alleles qa700 and qa703 are demarcated with "r bars. B, detail of the alignment between Ce-GLY-2 and CHO
cell GlcNAc-TV (35) (GB:U62587). Mislocalization is caused by mutation of the emboldened leudne. The island of conservation surrounding this
residue is underlined. The triangles indicate the in-frame boundary residues between exons. The arrows indicate the positions of truncations A133,
A137, and A138.

hydropathy and similarity profiles, we postulated that the N-
A terminal limit of the catalytic domain is the boundary between

2 exon 3 and 4, the first junction after the C" 0 -P'4 peptide. This
•. is the equivalent region to that observed to be essential for

Scatalytic activity in rat GIcNAc-TV (36). Constructs directing
I. rfi 1  the secretion into the medium of soluble, truncated versions of

the protein (structures indicated in Fig. 3B) were transfected

-2 into Lec4 cells, a CHO-KI derivative lacking endogenous Glc-
.3 NAc-TV activity. Transfections were incubated at 30 'C to re-

,m I -H-- duce the anticipated denaturation of GLY-2, which as a C.

"'• 0 w0o elegans enzyme is adapted for growth at 20 0C. The resulting
conditioned medium contained soluble fusion protein at -1

Residue pg/ml, and GlcNAc-TV activity was detected from transfections

with pISTHI-GLY2 series plasmids but not from vector-only
B controls. The nematode enzyme is markedly inhibited by NaC1

120 above 50 mm (Fig. W.). This is analogous to the suppression of

100. rat GlcNAc-TV by NaCl above physiological levels (37). The pH
optimum of GLY-2 is around pH 6.5 (Fig. 5B), typical of most

80 T • Golgi glycosyltransferases, and is the ambient pH of the Golgi

TI apparatus (38). As expected GLY-2 is progressively thermo-
labile, and no differences were apparent among truncation
variants (Fig. 5C). As with other &6-N-acetylglucosaminyl-

transferases, GLY-2 was active in the presence of EDTA, and
-Mn' addition did not stimulate the reaction (data not shown).

, Conditioned media from the truncation series containing
o ,o 0 Mlo ANo boo 'ot e oo 7o equivalent amounts of S-tag fusion protein were assayed di-

Aignmei Post rectly (Fig. 5D). The inferred initiator methionine and trans-

FIG. 4. Hydropathy and conservation profiles of the GLY-2 membrane domain are confirmed by the detection of soluble

protein sequence. TMD marks the peak corresponding to the TMD, enzyme from the construct that lacked the first 27 deduced
and the solid/dotted line indicates the catalytic portion of the molecule residues. Deletion of more than 137 residues severely impaired
as determined by experiments reported here. The dotted portion of the the specific activity. Since all truncation variants were equally
line reflects that the C-terminal extent of the catalytically critical thermolabile, the most plausible reason is that the catalytic
region was not investigated. A, Kyte-Doolittle profile generated using
the GCG Peptidestructure program using a window of 7 residues (51). domain boundary resides at Ile-138. To confirm this and dem-
B, running similarity comparison to rat GIcNAc-TV (GB:L14284) onstrate that GIcNAc-TV activity was an intrinsic property of
aligned using the GCG Gap program averaging over a window of 25 the recombinant polypeptide, the fusion protein was immuno-
residues. Alignment position refers to the numbering of the alignment, precipitated from the conditioned medium using anti-S-tag an-
not a specific residue in either polypeptide. Global similarity is indi- tibody. These assays were performed with equivalent amounts
cated by the dashed line. The asterisk marks the position of the mislo-
calization point mutations and the surrounding stretch of conserved of S-tagged fusion protein, allowing direct comparisons be-
residues, tween the various truncated forms (Fig. 5E). A band at the
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FIG. 5. Enzymatic properties of
GLY-2 produced by transient trans. 20
fection of Lec4 cells. Assay tempera- 0 0 " A
ture was 22 TC unless indicated other- 0 .0 1 tso M 4 5 6 .7 8
wise. In panels A-E, data are normalized PHic'{ nu1
to the negative control and maximal val-
ues. A, effect of NaC1 on the activity of in20•C •"30"C -37C
dialyzed conditioned medium from cells 120; " .
transfected with pISTH1::GLY2-A133. B, TOD
pH profile of catalytic activity for condi-
tioned medium from cells transfected
with pISTH1::GLY2-A27. Assays were - -60
performed in 50 mn• MES buffer of vari- 60

ous pH values. C, effect of temperature on E

the activity of conditioned medium from
cells transfected with pISTHI::
GLY2-A133. D and E, effect of truncation ft. 13s
at the N terminus on catalytic activity of A27 A13 .3133 ,A138
GLY2 fusion protein assayed in condi- OMI1nGLY2 pI2TM,:GLY2
tioned medium or immunoprecipitates,
respectively, from Lec4 cells transfected Vec A27
with pISTHn::GLY2-A27, A133, A137, orA138. Data in pane/s C-E are the mean ofS...... F

independent triplicates with S.E. indi- oo .-- F
cated by the error- bars. F, specific detec- .

tion by Western blotting of appropriately So"
sized recombinant GLY-2 in conditioned 6D - -*--'8kD
medium from cells transfected with
plSTH1::GLY2-A27. E 4o. .6.

expected size (-81 kDa) was observed when the immunopre- uct, able to act on the natural glycoprotein substrates found in
cipitate of GLY-2A27 was Western-blotted for S-tag. In the mammalian cells and create glycans recognized by L-PHA.
other truncations an unavoidable background band masked the GlcNAc-TV must be present in the medial-Golgi because the
region at the expected size range (-60 kDa) (Fig. 5F). As with elaboration of 06-GlcNAc-branched N-glycans and Lec4A mu-
conditioned medium, deleting the first 137 residues of GLY-2, a tant cells cannot bind L-PHA at the cell surface because they
region comprising the initiator methionine, the TMD, and the mislocalize active enzyme (35). The equivalent of the Lec4A
predicted stem region, including the CzZO-P" peptide, had missense mutation in GLY-2 was assayed. Protein truncations
little effect on specific activity. Removing a single additional removing this region are catalytically active, yet GLY-2(L116R)
residue reduced activity by 75%. Therefore, the boundary of the failed to rescue the Lec4 phenotype in three independent ex-
catalytic domain does indeed correspond to the 5' limit of the periments (Fig. 60). Thus, although the wild-type GLY-2 en-
exon initiated by Ile-138. zyme complements Lec4 and, therefore, must be expressed and

gly-2 Can Rescue the Cell Surface Phenotype of Chinese Ham- functional, the L116R mutant might not be. To address this,
ster Ovary Lec4 Cells-The complementation of a genetic defect since attempts to raise anti-GLY-2 antibodies were unsuccess-
by a heterologous allele is a stringent test of equivalence since ful, as were assays for activity in these transfected samples,
all the salient properties of the endogenous gene must be ful- constructs expressing GFP fused to the N terminus of GLY-2
filled by the introduced allele in the physiological environment, were tested. Transfection of pEGFP-C3 alone does not affect
Lec4 mutant cells lack GlcNAc-TV activity and the mature the L-PHA binding properties of Lec4 or CHO-KI (Fig. 7,A and
glycan products, GlcNAc)1,6 branched N-linked ohgosaccha- B). GFP::GLY-2(+), however, results in complete restoration of
rides on cell surface glycoproteins, which can be specifically the parental phenotype in Lec4 cells and is more effective than
detected as determinants of L-PHA binding (Fig. GA). The pa- native GLY-2 (compare Figs. 7D to 61)). Consistent with this
rental phenotype was restored to Lec4 by transfecting the enhancement, GFP::GLY-2(L16R) can now partially rescue
wild-type CHO-Ki GIcNAc-TV cDNA expression constructs the cell surface phenotype and must therefore be catalytically
(Fig. 6B). Transfection with wild-type gly-2 also rescued the competent (compare Figs. 7C to 6C). The FACS analysis indi-
Lec4 phenotype, and the profile is qualitatively identical to cated that transfection efficiencies were the same for all sam-
that of Lec4 cells rescued by transfection of CHO-Ki Glc- pies; therefore, cell extracts were Western-blotted for GFP
NAc-TV (Fig. 0D). The partially rescued population is probably epitopes, and GlcNAc-TV was assayed. Slightly more GFP
the result of low levels of activity expressed in these cells, itself epitope, as well as GIcNAc-TV enzyme activity, can be detected
due to thermolability of the nematode enzyme at 30 *C. Thus, per cell transfected with GFP::GLY-2(L16R), but there is no
gly-2 is functionally equivalent to the mammalian gene prod- indication of appreciable differences in specific activity (Fig. 7,
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W C D

Frf " -.0 li
FIG. 6. Rescue of the cell surface lectin binding phenotype of C vh in*nlb1nn.L-P~ -=-

Lec4 cells by transient transfection of Ce-gly.2 or CHO-derived
GIcNAc-TV constructs. FITC fluorescence of CD20-positive live sin- GFP::GLY.2 E ?
gle cells is graphed. A, the solid line is the profile of CHO-Ki parental (4) (I10R) 34
cells, and the gray solid is the profile of Lec4 cells transfected with
pLec4 plasmid. In panels B-D the positions of the peak channel fluo- 1 M. . ...
rescence of these samples is indicated by the arrows. B, Lec4 cells
transfected with pCHO-K!. C, Lec4 cells transfected with pCSYK-
L116R. D, Lec4 cells transfected with pCSYK-1. Data are representa-
tive of independent triplicates. 7 1000,

E and F). Transfected cells were examined by deconvolution Jk e-
microscopy (data not shown), but fluorescent signals from both
native and mutant forms were present in membranous com-
partments other than medial-Golgi. Overexpression by tran- FIG. 7. Rescue of defective L.-PHA binding in Lec4 cells by

transient transfection with GFP fusions of Ce-GLY-2 or CHO
sient transfection .may overwhelm retention and trafficking derived GIcNAc-TV constructs. Fluorescence from CyChrome-
mechanisms, but nevertheless, GLY-2(+) and GLY-2(Lll6R) streptavidin:biotin-L-PHA-stained GFP positive live single cells is
have different rescue behaviors, graphed. A, the profile of Lec4 cells transfected with pEGFP-C3. B,

Expression Pattern of gly-2p::GFP during Nematode Devel- CHO-KI parental cells transfected with pEGFP-C3. In panels C and D
the positions of the peak channel fluorescence of Lec4 and CHO-KI

opment-Transcriptional fusions of 6.7 kbp of upstream from A and B are indicated by the arrows. C, Lec4 cells transfected with
genomic DNA corresponding to bases 19,280-25,991 of cosmid pEGFP-L161R D, Lec4 cells transfected with pEGFP-GLY2. Data are
C55B7 to nuclear localized and cytosolic forms of GFP provided representative of independent triplicates. E, immunoblot for GFP
by vectors pPD95.69 and pPD95.77, respectively, were used as epitopes in extracts from cells that were subjected to the FACS analysis

reporter constructs. This stretch includes the 3' end (base shown in panels C and D. Data are representative of independent
duplicates. The expected size of GFP::GLY-2 is -107 kDa. F, Glc-

19,436) of the next confirmed gene upstream on the same NAc-TV enzyme activity in the extracts prepared as in E. The extract
strand as gly-2. It encompasses all of the 5'-untranslated re- from the equivalent of -8 x 101 cells was assayed for 3 h at 30 °C in
gion sequences found in yk126h8 (which starts at base 21,436) each case in the presence and absence of substrate to determine the net

as well as the region that is conserved in the genome of Caeý incorporation of 16-3H]GlcNAc. Data are the mean of independent du-

norhabditis briggsae, a closely related species (alignment plicates with S1E. indicated by the error bars.

starts at base 23,114). By these criteria, the constructs should
contain a fully qualified promoter of gly-2. was observed in all four nuclei of the syncytial spermathecal

The distribution of signal in transgenic worms was unique valve cell (Fig. 80). Although GFP fluorescence was seen to be
and highly restricted with respect to tissue and/or stage of strongest in the late IA and early adult for the spermathecal
development but did not correspond to the descendants of a valve and vulval/uterine structures previously noted, it was
particular branch of the cell lineage. Fluorescence was first seen to persist throughout adulthood (Fig. 8, H-J). The M8 cell
detectable at the comma stage (Fig. 8A) in cells that divided of the terminal bulb of the pharynx, all six cells of the pharyn-
and appeared to migrate during the 2-fold (Fig. 8B) and S-fold geal-intestinal valve, and neuronal cell bodies within the meta-
stages (Fig. 80). Neuronal staining was obvious from Li on- corpus and around the isthmus of the pharynx also expressed
ward and by early IA was seen to occur in both the dorsal and gly-2p::GFP (Fig. 8K). At least 37 neurons with cell bodies lying
ventral nerve chords (Fig. 8D). During this stage, a strong next to the ventral nerve chord were positive for gly-2-directed
signal was noted in the developing vulva (most likely the yulE reporter expression in the adult hermaphrodite, although with
and/or vulF cells). By late IA an intense GFP signal in the widely varying levels of staining. There was also GFP fluores-
spermathecal valve as well as other vulval and/or uterine struc- cence present in other neurons associated with the pre-anal,
tures was evident (Fig. 8E). Expression in the uvi and uv2 cells dorso-rectal, and/or lumbar ganglia. In adult males, expression
was suggested by the pattern of fluorescence around the vulva, was similar in non-sexually dimorphic tissues and was also
However, the nuclear-localized reporter construct stained more observed in axons that project into rays 2, 3, 5, 6, and either 8
nuclei than can be accounted for by expression in these cells or 9 of the copulatory bursa (data not shown).
alone (Fig. 8F). With this construct, nuclear localized signal gly-2 Is a Non-essential Gene-ev581 is a Tcl insertion
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FIG. 8. Pattern of gly-2 promoter-directed GFP expression during nematode development. Except for panels F and G, images are
presented as pairs showing the epifluorescence from the cytosolic GFP reporter in the upper section and differential interference contrast images
from the same field and focal plane in the lower section. The emerald-green light is emitted by GFP, the yellow-green signal is gut autofluorescence.
Scale bar in all cases is 20 pm. A, comma stage embryo. B, 1.5-fold stage embryo. C, 3-fold stage embryo. D, lateral view of an early larval stage
4 hermaphrodite peri-vulval region. DNC, dorsal nerve cord; VNC, ventral nerve cord; vul, vulval cells vul E and/or vul F. E, ventral view of late
larval stage 4 hermaphrodite peri-vulval region. SV, spermathecal valve; v /u, vulval and/or uterine structures. F, as E, but from a nuclear-localized
reporter. G, detail in lateral view of the spermathecal valve staining by the nuclear-localized reporter expressed in an adult hermaphrodite. H,
lateral view of an adult hermaphrodite mid-body showing continued expression in the spermathecal valve (SV) and vulval and/or uterine structures
(v/u). I and J, lateral views in two different focal planes from adult hermaphrodites showing vulvalluterine staining (v/u). K, lateral view of the
pharynx from an adult hermaphrodite showing GFP fluorescence from neurons (N) in the nerve ring and ventral nerve chord (VNC) and the
staining of the pharyngeal-intestinal valve (Ply).

TABLE I taining exon 6 and half of the largest exon, 7, both of which
Genomic sequences ofgly-2 alleles contribute to the catalytic domain. Both deletion alleles are

Nucleotide numbering is the base position of the cosmid sequence probably null, but animals homozygous for either are viable.
C55B7 from the C. elegans sequencing consortium. Fusion junctions in To check that no gross rearrangements occurred during mu-
deletion alleles qa700 and qa7O3 are indicated by double colons () tagenesis, genetic mapping of the genotypes was performed.

Allele Genomic Sequence This placed the alleles on linkage group I between 1.07 and
1.18 map units to the right of dpy-5, exactly where expected

from interpolations of the physical map.
gly2(vl)28383 20384 GlcNAc-TV activity could be detected in microsomal extracts

\ I of wild-type C. elegans but not in the deletion mutant strain
TrCTAASACACTATSArATATA•Tlu , CCOrTArTcC XA762 gly-2(qa703) (Fig. 9). Enzyme activity was restored in

gly-2(qa7OO) transgenic lines carrying a genomic region encompassing the
28371 29535 gly-2 gene on the deletion mutant background. Thus, gly-2,I I

CA=cArCATACArrrrTCT : cGM=CCT=rCAG-GTGC which is the sole cognate homologue of Mgat-5 in C. elegans,
encodes nematode GlcNAc-TV.

gly-2(qa703) The strain XA728 gly-2(qa7OO**14) I had fertility defects
27255 27750 arising from abnormal sperm function (Spe) that were not

AGATACTCr'raAAAGTAT: T Gr GA G observed in XA762 gly-2(qa7O3**1O) I. Compound heterozy-

gotes of a qa700/qa7O3 genotype were non-Spe confirming that

allele into the 7th intron of gly-2 from which qa700 was this defect is caused by a linked but extragenic mutation in a
derived by imprecise excision, an event that deleted 1165 bp complementation group unrelated to gly-2 (data not shown). Al-
containing -2.5 exons that contribute to the catalytic domain though gIy-2 is expressed in many neurons, the vulva, and sper-
(Table I). qa703 is a deletion created by ethylmethanesulfon- matheca, XA762 was wild type with respect to morphology, egg
ate-induced deletion mutagenesis that removes 494 bp con- laying and hatching, locomotion, brood size, dauer switching,



Ce-gly-2 Is GlcNAc-TV 22837

catalytic domain. This region contains a leucine that is mu-H tated in Lec4A cells, causing otherwise active GlcNAc-TV to
mislocalize and fail to elaborate cell surface 86-GleNAc-

it 11 branched N-glycans in consequence (35). The equivalent muta-
tion in native GLY-2 did not rescue the Lec4 defect, but a GFP
fusion product could do so inefficiently. It may be that the
fusion protein is better expressed than the native nematode

.. -enzyme in Lec4 cells or that the addition of GFP stabilizes theN XAM XK78 X A7 M product (42). The simplest interpretation is that
sbvjn GFP::GLY-2(Lll6R) is mislocalized as in Lec4A, but due to

FIG. 9. GIcNAc-TV activity in C. elegans is dependent on the overexpression typical of transient transfections, a portion
gly-2 gene. N2 is the laboratory wild-type strain; XA762 is homozygous overwhelms the endoplasmic reticulum retention system and
for the gly-2 deletion allele qa703. XA766 and XA768 are independent
strains carrying extrachromosomal arrays encompassing a gly-2(+) proceeds to the medial-Golgi (43). BLAST searches indicated
genomic region on a gly-2(qa703) background, that the conserved 15-residue peptide encompassing the criti-

cal leucine is unique to GlcNAc-TV but has been conserved
male incidence, developmental timing, and mechanosensory throughout metazoan radiation. Because mutations affect sub-
axon path-finding (data not shown). GFP reporter patterns were cellular localization, it may be that the region is conserved
also unaffected by the mutant background. because of a role in targeting to the medial-Golgi. If so, this

mechanism is either GlcNAc-TV-specific or acts via its confor-
DISCUSSION mational properties, plausible since the peptide is bounded by

The genomic structure of the gly-2 gene is significantly re- two conserved cysteines. Conformational elements participate
lated to that of human GlcNAc-TV. The majority of exon bound- in the subcellular localization of lysosomal hydrolases where a
aries, particularly in the catalytic domain, occur at equivalent common surface is recognized to initiate formation of the man-
residues and are in-frame. The N-terminal boundary of the nose 6-phosphate-targeting signal (44).
catalytic region starts at exon 4; exon 3 contains the "Lec4A" Our data are concordant with the dominant transcript being
region. Retention of phase zero introns in ancient genes is a SL1 trans-spliced to the first splice acceptor upstream of the
feature of the "introns-early" model (39). These observations initiator codon and is typical of monocistronic C. elegans genes
support the notion that exon shuffling of functional domains with a proximal promoter (34). yk126h8 contains an additional
may have been the mechanism by which the ancestral Glc- 383 nucleotides that occur in 4 non-coding exons 3994-4533 bp
NAc-TV gene originated, upstream and may represent a minor isoform from a distal

The deduced polypeptide sequence ofgly-2 is stereotypical of upstream basal promoter. Distal promoters driving expression
Golgi glycosyltransferases, being a type II membrane protein of this type of transcript at low levels are observed in C.
with a 20-residue TMD starting six residues from the N termi- elegans, for example pkc-1 (45). The genomic fragment used for
nus. This length is efficiently retained by the Golgi apparatus constructing the GFP reporter transgenes included both poten-
and is the sole element in the polypeptide that appears to have tial promoters. From these, GLY-2 expression can be crudely
bilayer-spanning properties (40). The lumenal portion starts summarized as occurring in some of the structures that have
with a hydrophilic region that may position the following cat- valve properties, the vulva, the spermathecal valve, and the
alytic domain away from the membrane and so promote effi- pharyngeal-intestinal valve. The other major locus of expres-
cient interactions with macromolecular substrates. Heterolo- sion is neuronal, present in many but not all 302 neurons in the
gous expression of recombinant gene product demonstrated adult hermaphrodite (46). Curiously, marnmalian brain is rich
that GLY-2 does indeed possess GlcNAc-TV enzyme activity in GlcNAc-TV transcripts, but enzyme activity is barely detect-
and other properties in common with the mammalian homo- able, and Mgat-5* mice are not obviously affected (4). However,
logue. The putative initiator codon and the TMD were con- failure to nurture pups is significantly more common in
firmed since soluble recombinant fusion proteins were pro- Mgat-50 mice in a 129/Sv background.3

duced when truncated. The proposed stem could also be The essentially complete sequence of the C. elegans genome
removed without affecting GlcNAc-TV enzyme activity in vitro. (8) contains a single gene that is orthologous to mammalian
Several other C. elegans glycosyltransferase-related sequences Golgi GlcNAc-TV proteins at both the primary sequence and
have been found to possess the catalytic activity expected from domain organization level. This is unusual for glycosylation-
their homologies. gly-3, gly-4, and gly-5 are polypeptide Gal- related genes in the nematode. The C. elegans genome contains
NAc-Ts (15), and gly-12 and gly-14 encode active GlcNAc-TI many gene families, and glycosyltransferases are well repre-
(16), whereas CeFT-1 is an al,3-fucosyltransferase (17). gly-1 sented (14, 47, 48). Multiple glycosyltransferase homologues,
and possibly the other core 2 GlcNAc-T homologues may be an C-type and S-type lectin domains as well as nucleotide-sugar
exception (23). GLY-1 transfers glucose rather than GlcNAc to synthases, occur in a cluster (49). Core 2 GlcNAc-T-like se-
core I acceptors (24), an observation concordant with the avail- quences are the 167th largest gene family (23, 48); there are
able structural data on C. elegans glycoprotein glycans (22). nine polypeptide GaINAc-T-like sequences (15), three homo-
The components of the proteoglycan pathway encoded by sqv-3, logues of GlcNAc-TI (16), and evidence for at least two al,3
sqv-7, and sqv-8 all possess the biochemical activity expected fucosyltransferases (17). There are two 04-galactosyltrans-
from their homologies (20, 21). The proper functioning of Glc- ferase homologues, of which mutations in one, sqv-3, affects
NAc-TV depends not only on catalytic competence but also epithelial morphogenesis, resulting in defects in vulval invag-
upon being able to interact with nascent glycoprotein sub- ination as well as oocyte receptiveness to sperm (18, 19). Many
strates in the ambient milieu, correct localization, and domain mammalian glycosyltransferases are also present in multiple
structure (35). We found unequivocally that gly-2 could rescue copies (50), but as in the worm, GIcNAc-TV has only one func-
the surface lectin binding phenotype of Lec4 cells. Thus, GLY-2 tional copy. Disruption of the Mgat-5 locus in mice results in a
retains all of the salient properties of the mammalian Glc-
NAc-TV despite being diverged for >500Myr (41).

Alignment of mammalian GlcNAc-TV and GLY-2 identified a 3 M. Granovsky, J. Pawling, P. Cheung, and J. W. Dennis, unpub-
region that is highly conserved despite being N-terminal to the lished observations.
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complete loss of both enzyme activity and GlcNAcj0l,6- 20. Bulik, D. A, Wel, G., Toyoda, H., Kinoshita-Toyoda, A., Waldrip, W. B., Esko,
J. D., Robbins, P. W., and Selleck, S. B. (2000)Proc. NaiL AMaL. Sdc. U. S.A.

branched structures (4). Although structural studies have yet 97, 10833-10843
to observe complexN-glycans in C. elegans, GlcNAc-TV activity 21. Berninsone, P., Hwang, H. Y., Zemtseva, I., Horvitz, H. R., and Hirschberg,

C. B. (2001) Po Nal. Acad. Si. U. S.A, K ,3738-3743in wild-type animals is detectable, absent in animals with gly-2 22. Guerardel, Y., Balan o, L, Maes, E., Leroy, Y., Coddeville, B., Oriol, R., and
deleted, and restored by transgenes containing gly-2 genomic Strecer, G. (2001) BCUhe, J. 357, 167-182

DNA. From our present study, it appears that Ce-gly-2 is or- 23. Warren, C. E., Krizus, A., and Dennis, J. W. (2001) Glycbiology 11, 979-988
24. Warren, C. E., Krizus, A, Partridge, E. A., and Dennis, J. W. (2002) Glycobi-

thologous to Mgat-5, structurally conserved at both genomie o 12, M G
and polypeptide levels, and functionally interchangeable with 25. Brenner, S. (1974) Genetics 77, 71-94

mammalian GIcNAc-TV. Such "deep homology" is a feature of 26. Epstein, H. F., and Shakes, D. C. (eds) (1995) Caenorhabditis elegann Modem
Biological Analysis of an Organism-Methods in Cell Biology, VoL 48,

ancient and pivotal genes that occur in conserved pathways Academic Press, Inc., San Diego, CA

(41), but ablation of the gly-2 gene in C. elegans is without 27. Ausubel, F. M, Brent, R., Kingston, •. E., Moore, D. D., Seidman, J. G., Smith,
visible defects despite resulting in an enzymatically null phe- J. A., and Struhl, K. (1993) Current Protoco!s in Molecular Bilogy, John

Wiley & Sons, Inc., New York, NY
notype. This situation is not unusual; many genes with se- 28. Srivastava, 0. P., Bindsgaul, 0., Shoreibah, M., and Pierce, M. (1988) Carbo-

verely defective alleles are viable in C. elegans (e.g. 23, 54). It hydr. Res. 179, 137-161
29. Zhu, L, van den Heuvel, S., Helan, K., Fattaey, A., Ewen, M., Livingston, D.,

may be that the contributions are subtle under laboratory Dyson, N., and Harlow, E. (1993) Genes Dev. 7, 1111-1125

growth conditions. Mgat-5" mice are also without overt pheno- 30. Mello, C. C., Kramer, J. M., Stinchcomb, D., and Ambros, V. (1991) EMBO J.
10,3959-3970

type but display several phenotypes that are dependent on 31. ZwaA R. R., Broeks, A., van Meurs, J., Groenen, J. T., and Plasterk, R. EL
extrinsic conditions. Suppression of tumor growth and metas- (1993) Proc. Nadl. Acad. ScL U. S. A. 90, 7431-7435

tasis induced by the Polyomavirus middle T-antigen is ob- 32. Liu,LX., Spoerke, J. M, Mulligan, E. L, Chen,J., Reardon, B., Westtund, B.,
serdabnormalities in T-cell function, although Sun, L, Abel, K., Armstrong, B., Hardiman, G., King, J., McCague, L,served (4)m and lason, M., Clover, R., and Johnson, C. D. (1999) Genoine Rxs. 9, 859-867

significant, do not appear to compromise the animals greatly 33. Watersto R-, Martin, C., Craxton, M., Huyah, C., Coulsm, A., Hillier, L,
under laboratory conditions (3). The tractability of screens in C. Durbin, R., Green, P., Shownkeen, R., and Halloran, N. (1992) Nat. Genet.

1, 114-123
elegans to uncover synthetic phenotypes enables this conun- 34. Blumenthal, T., and Steward, K. (1997) in C. elegans H (Riddle, D. L.,

drum to be addressed and should mutate genes that interact Blumenthal, T., Meyer, B. J., and Priess J. R., eds) pp. 117-145, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NYgenetically with gly-2. These would reveal GtcNAc-TV-depend- 35 Weinstein, J.,Sundaram, S., Wang, X., Delgado, D., Basu, E., and Stanley, P.

ent pathways and phenotypes, identifying the contributions to (1996) J. Biol. Cheam 271, 27462-27469

fitness made by 06-GlcNAc-branched N-glycans. 36. Korczak, B., Le, T., Elowe, S., Datti, A., and Dennis, J. W. (2000) Glycobiology
10, 595-599
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